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ABSTRACT 
 
Semi-crystalline polymers undergo drastic structural changes from random coils in the 
melt states to folded chains in the crystalline lamellae during crystallization. One 
fundamental question in this process is the long-standing controversy about the chain-
folding structures in semi-crystalline polymers. The isotactic polypropylene (iPP) is one 
of the most important polymer materials in commercial application as well as in 
academic field. Also, the iPP has different crystalline forms, in which the chain packing 
structures, such as fraction of different forms and spatial heterogeneity, were not fully 
understood previously. When cooled from melt, iPP crystallize into α form, which can be 
further divided into ordered α2 and disordered α1 depending on the methyl group 
orientations. Using modern high-resolution solid-state NMR (SS-NMR), the chain-
packing structure of α1 and α2 forms can be quantitatively separated by the dramatic 
lineshape differences. The effects of chemical structures of iPP on the chain-packing 
structure in the crystalline region have been studied. The higher stereo regularity sample 
forms more α2 form at Tc > 135 ºC. Moreover, 
1
H spin diffusion experiments indicated 
that the α1 and α2 form will form domain structures at average side of ca. 40 nm when iPP 
crystallized at 150 ºC Furthermore, high-resolution NMR spectra demonstrated that the 
stereo regularity defects are excluded in the crystalline region at Tc = 150 ºC, whereas 4 % 
of the defect remains in the crystalline region quench annealed α1 form. Finally, the 
iv 
 
chain-folding structures and ensemble average of successive chain-folding number are 
revealed by 
13
C-
13
C double quantum (DQ) NMR. The average chain-folding number is 
determined to be 5 to 7 for both α1 and α2 forms. However, different chain-folding 
structures are concluded based on the chain-packing structures and conformational 
constrains. Through obtained packing and folding structures, crystallization mechanism 
was discussed at molecular levels. 
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CHAPTER I 
 INTRODUCTION 
 
The long nature of polymer chains induces kinetically driven crystallization process. 
During the crystallization process, the semi-crystalline polymer forms hierarchy 
structures in various length scales during crystallization, such as unit cell structures,[1-3] 
the lamellar structures,[4-6] as well as high order structures such as spherulites.[4, 7, 8] 
The crystallization process determines the hierarchical structures as well as macroscopic 
properties of semi-crystalline polymers. Up to today, the molecular level understanding 
of polymer crystallization process which includes the chain packing and chain folding 
structures is still challenging. 
One challenging question is the long-standing debate about whether polymer chain is 
folded adjacently or not in semi-crystalline polymer. Since the observation of the 
polyethylene single crystals, [9] the conflict arises between long polymer chain length 
and the limited thickness of polymer crystals. This unique nature of long polymer chain 
initiates the debate of how the polymer chains are involved into the crystalline region of 
semi-crystalline polymer. Different chain-folding models have been proposed with 
adjacent re-entry model[10] and switchboard model[11] to be major models. Many 
experimental techniques such as neutron scattering,[11-14] IR,[15-19] TEM 
decoration[20] and high resolution AFM [21] have been developed and applied to study 
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the chain-folding structures of semi-crystalline polymers. However, whether the iPP 
chain folds adjacently or not is still under debate. 
Another question is the crystallization process at molecular level. Different crystallization 
processes have been proposed to illustrate the crystallization pathways for long polymer 
chains.[22-24] The Lauritzen-Hoffman (LH) model,[22] bundle model,[23] and 
multistage model, [24] are major models in polymer crystallization. The classic LH 
model[22] is majorly describing the secondary nucleation process. It describes a single 
step process for crystallization, where the polymer chain deposits on the growth front and 
simultaneously growth by chain-folding process. Depending on the relative relationship 
of the nucleation rate and the growth rate, smooth and rough growth front was expected 
from LH model. And the crystallization was divided into three regions. Recent 
observation of the experimental and simulation results lead to different models. Allegra 
and Meille et al, have proposed the bundle model, [23] which the crystallization is 
considered as a two-step process. First, the whole molecules form preordered clusters by 
chain folding in the pre-stage of crystallization. Then the pre-folded clusters are 
deposited on the growth front using multiple interactions. Based on wide angle X-ray 
scattering (WAXS) and small angle X-ray scattering (SAXS), Imai et al [25] observed the 
density fluctuations in the prestage of crystallization. This experimental result inspired 
Strobl to propose the multistage model, [24] which describe the polymer crystallization 
as a multiple step process through mesomorphic layer, thickening to granular crystalline 
layers, to lamellar crystals. 
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Last but not least, the crystalline structures include more or less disordered structures 
such as chemical defects and physical disorders. These microscopic disorders 
significantly influence their structures such as crystallinity, lamellae thickness, 
morphology, and macroscopic properties such as mechanical and thermal ones. The iPP 
is one of the well-studied systems among various semi-crystalline polymers[1-3, 26-31] 
which have been studied the chemical defects influence on the structures and properties 
at different length scales.[4, 8, 32-35] The influences of the stereoregularity on the 
fraction α2 and α1 form as well as molecular dynamics had not been clear previously. 
Also the spatial heterogeneity of α2 and α1 forms was estimated from the half width from 
X-ray, which gave different views. [27, 36] Furthermore, how the defect participate 
between the crystalline and amorphous region for iPP was not clear. These unclear views 
of chain packing structure in iPP motivate us to carefully study the chain-packing 
structures in crystalline region of iPP. 
In this dissertation, I applied solid-state NMR to study the chain packing and chain 
folding in iPP. I’ll introduce the outline for this dissertation. 
Chapter II introduces the background of chain-packing structures of iPP, several chain 
folding models and crystallization mechanisms. The detailed experimental condition, 
characterization techniques, their observations, and the limitations were introduced. 
Chapter III shows our approach to investigate the chain-packing and chain-folding 
structure of semi-crystalline polymers. Detailed experimental techniques and 
developments in advanced solid state NMR were presented. The combination of selective 
labeling, advanced NMR techniques, and numerical simulation enabled us to determine 
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the chain-folding structures of semicrystalline polymers in different crystallization 
conditions. 
Chapter IV explained detail experimental conditions for this dissertation. The synthesis of 
the Ziegler-Natta catalyst iPP was introduced as well as the different samples of iPP. The 
crystallization condition for α2 and α1 forms and the blending condition were also 
introduced. Different characterization tools used in this dissertation were also presented, 
including detailed SS-NMR conditions and pulse selections. 
Chapter V reports the SS-NMR results for chain-packing structures of the iPP. In addition, 
the DSC and SAXS were also used to characterize the iPP structures. From this chapter, 
the chain packing, defect partition in crystalline region, and spatial correlations of α2 and 
α1 forms were discussed. 
Chapter VI reports the chain-folding structure and mechanism of the iPP studied by SS-
NMR. By selective 
13
CH3 labeling, spin simulation, and double quantum NMR, ensemble 
average of succesive chain-folding number, <n> and chain-folding pathways were 
analyzed for both α2 and α1 forms of iPP. 
Chapter VII summarizes the all results about chain packing and chain folding in iPP from 
this dissertation. I also pointed out the possible interesting and unresolved questions in 
this field which need to be studied. 
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CHAPTER II 
 BACKGROUND 
 
2.1 Introduction 
In this chapter, I’ll introduce the research focus of my background and the previous 
works for chain packing, chain folding, and crystallization mechanism studies. I’ll start 
with the summary of each part and give details in the later sections. 
Since the discovery of the polyethylene single crystal by Dr. Keller,[9] much attention 
has been paid to characterize the single lamella of semi-crystalline polymer. [10, 20, 31, 
37] Electron microscopy and diffractions have been used to illustrate the 10 nm thickness 
of lamella and the stems oriented normal to the substrates.[38] The conflict of the long 
polymer chain and limited lamella thickness unequivocally suggested one polymer chain 
must be involved into multiple stems. Dr Keller proposed the adjacent chain-folding 
model that the polymer chain would fold adjacently along the growth front. [9] This 
unique future and fundamental view of polymer crystallization soon attract lots of 
attentions and different models were proposed, which I’ll introduce the details later in 
this chapter. This heated argument of what is the long polymer chain trajectory in 
crystalline region is a fundamental question in polymer crystallization field.  
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Following how the polymer chain folds in crystalline states, several different 
crystallization mechanisms have also been proposed such as the Lauritzen-Hoffman 
model, [22] bundle model, [23] and multistage model. [24] I’ll introduce the details of 
each model in later this chapter. Until now, above different view of polymer 
crystallization is still under debates as limited experimental observation at molecular 
level.  
To understand crystallization at the molecular level and verify chain trajectory and the 
polymer crystallization, various characterization techniques for the chain-folding 
structures have been developed.[11-19, 21, 39] Different techniques have been applied to 
investigate the chain folding and crystallization models, such as neutron scattering (NS), 
infrared spectroscopy (IR), atomic force microscopy (AFM), transmission electric 
microscopy (TEM). Among them, infrared (IR) spectroscopy[15-19] and neutron 
scattering (NS)[11-14] combined with 
2
H isotopic labeling have been utilized to 
characterize chain-level structures of chain trajectory and chain folding number in the 
melt-grown crystals. The NS results cannot make agreement as the fitting curves are 
largely influenced by the assumptions in the simulation. IR and neutron scattering also 
suffers the limited experimental window due to the segregation of 
2
H isotopic labeling 
samples with 
1
H samples at small supercooling. The details of the CF structures still 
remain under debate due to experimental limitations.[11-16] Up to now, the details of the 
CF structures still remain under debate due to experimental limitations. And we are using 
SS-NMR to study this difficulty question. 
The material used in this study, isotactic polypropylene (iPP), is one of well-studied 
systems among various semi-crystalline polymers.[1, 5, 6, 26, 27, 40, 41] Previous 
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researches have laid a strong foundation and also motivated us to further characterize this 
widely used semi-crystalline polymer. Also, the structure-property relationship in iPP 
which is related to the chain packing structures are quite interesting which has been 
widely studied by X-ray [4-6, 8, 36, 42] as well as solid-state NMR. [30, 43, 44]. I’ll 
introduce the previous results in chain packing in iPP later in this chapter. 
In this chapter, I will explain details about the chain packing, chain-folding models, and 
crystallization mechanism. Detailed experimental observations using different techniques 
are also presented. 
 
2.2 Chain-folding Models 
Following the early electron diffraction and imaging results of chain orientation and 
lamellar thickness, the long polymer chain cannot fit in the limited space of one lamella 
in the PE single crystals. The idea of chain folding begins and different chain folding 
models was proposed. In the isolated single crystals, the chain must fold back to the same 
lamellae, but the re-entry site can be different. It can fold adjacently or non-adjacently to 
the original site. In the bulk crystallized samples, the chain may have additional option to 
go into the neighbor lamella and connected by tie chains. And the folding at the surface 
may be loose or tight. Thus, based on these possibilities, different chain folding models 
were proposed. In this chapter, four most well-known chain folding models were 
presented. The fringed micelle, adjacent re-entry, random re-entry, and intermediate 
models were shown in Figure 2.1 a) to d). The fringed micelle model [45] is one of most 
early model of polymer crystallization which describes the crystalline region as the stacks 
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of short lengths of different chains which aligned parallel. It allows one chain to 
participate in different lamellae. The adjacent reentry model describes the chain would 
fold back to the adjacent site continuously. In the case of random re-entry model, the 
chain would re-entry to none adjacent site by loose loop. The intermediate model is the 
combination of the adjacent re-entry model and random re-entry model, where the chain 
can either fold adjacently or none adjacently.  
 
 
 
 
Figure 2.1 Different chain folding model in semicrystalline polymer. a) fringed micelle 
model, b) adjacent re-entry model, c) random re-entry model, and d) intermediate model. 
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2.3 Crystallization Mechanism 
In the former chapter, I explained the chain folding structures. In this chapter, I’ll 
introduce different crystallization mechanisms which describe how the polymer chain 
behaves during the crystallization. 
 
2.3.1 Lauritzen-Hoffman Model 
The well-known Lauritzen-Hoffman model (LH model) described secondary nucleation 
on the existing growth front in which all events occur in a single step. In 1961, Lauritzen 
and Hoffman [46] established the model and calculated the energy in secondary 
nucleation and growth. Depending on the relative relationship of the nucleation rate and 
the growth rate, smooth and rough growth front was expected from LH theory. This 
model was successfully used to explain the experimental observed linear growth rate and 
the crystallization process was divided into three regions. However, LH model does not 
address on the primary nucleation. 
The LH model starts from the deposition of the first stem on the growth front and surface 
covering by chain folding. Depending on the suppercooling, the relative relationship 
between nucleation rate (i), which is controlled by the energy to create two new surfaces, 
and the covering rate (g) controls the morphology of the growth front. Three regimes 
were divided based on the relationship between i and g, which is illustrated in Figure 2.2. 
[22] 
In regime I, while suppercooling is small, the surface nucleation rate (i) is much smaller 
than g. Once the nucleation happens, the surface would be rapidly covered fully which 
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results in a smooth growth front. When the crystallization temperature is lower, the i and 
g are comparable, which is the case in regime II. Once nucleated, the growth process is 
not fast enough to fully cover the original growth front before the next nucleation. So, 
multiple nucleation sites are on the growth front. In regime III, the growth front is further 
rough as i is much larger than g. This results in the rough growth front and the adjacent 
reentry number is expected to decrease. 
 
 
Figure 2.2 Illustration of regime I to III by LH model. Reproduced with permission from 
Ref. [22]. Copyright 1997, Elsevier. 
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2.3.2 Bundle Model 
With new observation of the experimental and simulation results Allegra et al, [23] have 
proposed the bundle model, which is illustrated in Figure 2.3. It considers the 
crystallization as a two-step process. First, the molecules form preordered clusters by 
chain folding in the pre-stage of crystallization, which is shown in the left of Figure 2.3. 
The formation of the bundles are energetic favored, when T < Tmº. The paralleled chains 
of bundles are more ordered, thus the entropic less favored, however, the enthalpy 
favored. These high entropy pre-folded bundles are more stable than random coils under 
supercooling. And these pre-folded bundles are considered to be intermediate state 
between amorphous and crystalline. The formation of bundles is also considered high 
free energy of single stem nucleation. And the lamellar thickness is considered to be a 
result from bundle formation and rearrangements within the bundle.  
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Figure 2.3 Illustration of Bundle model. On the left, it’s the illustration of the structure of 
pre-folded bundles. Dash line indicated the interactions within the pre-folded structures 
which stabilize the bundle structure. On the right, it describes the attaching process of 
pre-folded bundles. Reproduced with permission from Ref. [23]. Copyright 2005, 
Springer. 
 
2.3.3 Multi-stage Model 
The LH model describes the crystallization as a single step process and emphasizes the 
deposition of the chain onto the growth front, which needs to overcome the energy barrier. 
And the nucleation and growth process are taken in place at a fix l at certain 
suppercooling. Another view of crystallization adopts the view from spinodal 
decomposition in polymer blends. Strobl proposed the multi-stage model and the 
illustration was shown in Figure 2.4. [47] In the multi-stage model, the growth front is 
only a transition place from the non-crystallized material to lamellar crystals. The 
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crystallization process starts with the attachment of the chain segments to the growth 
layer and these chain segments form the mesomorphic layer. The newly formed 
mesomorphic layer has a smaller thickness than the l of crystalline region. The 
mesomorphic layer would thicken and perfection during crystallization, which reduces 
the mobility of the chain segments. After the critical length was reached, the granular 
crystal layer was formed. These granular crystal layers would further perfect themselves 
and finally forms the lamellar crystal. 
The experimental observation using SAXS and WAXS by Imai et al [48] shows the 
density fluctuations in the poly(ethylene terephtalate) in the prestage of crystallization. 
The simultaneous SAXS and WAXS show that the onsite of the SAXS peak appears 
earlier than the WAXS peak. This result was attributed to the density fluctuations (SAXS) 
at prestage of crystallization (no WAXS). However, this result also was challenged by 
other experimental observation, which questioning the detecting limit of SAXS and 
WAXS. [49] 
 
 
 
Figure 2.4 Illustration of multi-stage model. Reproduced with permission from Ref. [47]. 
Copyright 2005, Springer. 
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2.4 Characterization Techniques to Investigate the Chain-Folding Structures 
Since the proposal of the idea of chain folding and different models, many experimental 
observations have been utilized to characterize the chain folding structures. In this 
chapter, I’ll explain different experimental techniques and their conclusions. 
 
2.4.1 Neutron Scattering  
Using the 
2
H labeling technique, the neutron scattering (NS) was able to selectively 
detect the 
2
H labeled polymer in 
1
H matrix. By blending the 
2
H labeled polymer with 
non-labeled 
1
H polymer, the chain folding was studied in both single crystals and melt-
grown crystals. 
The chain folding was most extensively studied in the simplest polyolefin, polyethylene 
(PE). Due to the melting temperatures differences of 
2
H polyethylene and 
1
H 
polyethylene, these two samples will segregate under small suppercooling. If segregation 
occurs, the labeled 
2
H would crystallize by itself and cannot reflect the chain-folding 
structures. So, the sample preparation is largely limited to the rapid quenching condition, 
when crystallization rate is high. The absent of the suppercooling dependence would limit 
the discussion to only in the chain folding structure, but not chain folding mechanism. 
Also, the neutron scattering suffers the 
1
H and 
2
H exchanges, heterogeneities of the 
samples. 
The experimental NS results of blending 
1
H and 
2
H PE was reported by Schelten et al, 
[50] Sadler and Keller, [12] and Summerfield et al, [51] for the quenching melt. Different 
calculation results were also reported. Yoon and Flory [11] have calculated the NS results 
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and compared with experimental observation from Schelten et al.[50] They have found 
that the random re-entry model can fit the experimental observation of scattering 
intensities, which is shown in Figure 2.5. The escape ratio, which is the probability for 
one chain to escape into other lamellar at interface, was also adjusted to obtain proper 
crystallinity. They claim the melt grown PE refers the random re-entry model, not the 
adjacent re-entry structure. 
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Figure 2.5 Simulation results by Flory. The scattering function for PED chain of 2500 
bonds dispersed in the semicrystalline PEH matrix. Reproduced with permission from 
Ref. [11]. Copyright 1977, Elsevier. 
 
On the contrary, Guttman et al [13] point out the problem for the random re-entry models 
which interface density is higher than the crystalline region. They utilize two different 
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models, which are central cluster model and variable cluster size model, which is shown 
in Figure 2.6. These models can also fit the same experimental results and does not suffer 
the problem of high interface density. 
 
 
Figure 2.6 Simulation results by Guttman. Reproduced with permission from Ref. [13]. 
Copyright 1979, Royal Society of Chemistry. 
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Different polymer systems other than PE have also been studied by NS and 
2
H labeling. 
The iPP and the isotactic polystyrene (iPS) have also been investigated. 
The SANS result on iPP was obtained by Ballard et al. [52] They compared the radius of 
gyration (Rg) of iPP in both melt and melt-grown crystals. The Rg does not change when 
the sample is crystallized. Their conclusion was that the simple random coil model can fit 
the NS data, but they also mention about only the random coil model can not explain the 
d-spacing. Later, they [53] used the multi lamellar chain folding model which can also fit 
the experimental observation. 
As different simulations using different chain folding models can both fit experimental 
results and the complex of the polymer system, using only NS results can not 
differentiate different chain-folding models. The details of the chain-folding structures 
still remain under debate due to experimental limitations. 
 
2.4.2 IR spectroscopy 
Another technique that has studied the chain folding in melt-grown crystals is the IR 
spectroscopy with 
2
H labeling techniques. The argument of whether the chain is folded or 
not leads the experimental and simulation results of IR spectroscopy. The most well 
studied polymer of chain folding structure is PE, which also utilize the 
2
H isotope 
labeling. So, the IR study of chain folding in the PE also face the segregation problem 
mentioned in the former chapter. So, the sample preparation is largely limited to the rapid 
quenching condition, when crystallization rate is high. In the IR study of chain folding 
structures, the 
1
H and 
2
H PE were synthesized. And the different blending ratio of 
1
H and 
2
H PE were blended, crystallized and characterized by IR spectroscopy. The 
2
H and 
1
H 
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samples have different IR spectroscopic effects. Krimm et al, [15, 17, 18] extensively 
studied the chain folding structures of solution- and melt- grown PE mixed crystals 
utilizing the 
2
H and 
1
H samples. Based on the intermolecular interaction calculation of 
neighboring chains [54], they found out the band splitting can be utilized to determination 
of certain chain folding geometry. The used different modes in IR spectroscopy, [55] 
such as CH2 blending (vb(CH2)), CH2 rocking (vr(CH2)), and CD2 bending (vb(CD2)). 
Different chain folding geometer will influence the band split of these modes. The vb(CD2) 
would show band splitting when the neighbor stems are all CD2, which is the case for 100% 
2
H PE sample. In the mixed crystal of 
1
H and 
2
H PE, for example 10% of 
2
H PE, the band 
splitting is dependent on the chain folding models. If the CD2 is surrounded by CH2, 
which is the case for the random re-entry model, the vb(CD2) would show no band 
splitting. If the chain is folded adjacently along the (110) plane in PE, the vb(CD2) would 
show doublets band splitting. However, if the chain is folded adjacently along (200) 
plane, vb(CD2) would also shows no splitting. The IR results for cast film and melt-grown 
samples were shown in Figure 2.7. In the Figure 2.7 a), the IR spectrum of 10% 
2
H 
labeled sample by casting film was shown. From the vb(CD2) band splitting at 1090 and 
1080 cm
-1
, the doublet splitting was observed which indicates the (110) adjacent folding 
in PE cast films. From the Figure 2.7 b), the IR results for melt-grown PE crystals shows 
no vb(CD2) band splitting, which Krimm et al contributes to the (200) adjacent chain 
folding. 
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Figure 2.7 IR results for mix crystal of 
1
H and 
2
H PE. IR spectrum of 10 H/1 D PE mixed 
crystal: a) cast film, b) melt-grown crystal. Reproduced with permission from Ref. [55]. 
Copyright 1969 John Wiley and Sons. 
 
Very recently, Reddy et al [56] performed the IR experiments using the same 
methodology to study the chain folding behavior in isotactic polypropylene. They used 
the 
2
H isotope labeling method and IR spectroscopy at low temperature to obtain higher 
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resolution. Their results were shown in Figure 2.8. In Figure 2.8 a), Reddy et al explained 
the band splitting effect in IR spectrum of iPP, which is quite similar to the PE. The 
Deuterated sample would have band splitting and the splitting width is related to the 
number of neighboring deuterated stems, which can reflect the chain folding geometry. In 
Figure 2.8 b), Reddy et al shows the experimental IR results of two crystalline forms of 
iPP. They reported the splitting width is continuously decrease when decrease the ratio of 
2
H label sample, and concluded the iPP chain would prefer the random re-entry structure 
in bulk crystallized samples. However, Due to the small splitting width and the resolution 
of the IR spectra, it’s difficult to clearly identify the band splitting width from the data 
provided. I’ll explain the major concerns of IR results from samples preparation method, 
and the characterization techniques. 
In their paper, the α1 samples were crystallized during 10 ⁰C/min cooling process. And 
the α2 samples were obtained by annealing the pre-crystallized sample at 154 ⁰C. Firstly, 
their samples crystallized during 10 K/min cooling rate are more heterogeneity than 
isothermal crystallized samples. Also, from their DSC curve, the melting temperatures of 
α1 samples with different H/D blending ratios gave 5 ⁰C differences. The annealing of α1 
sample at high temperature to obtain α2 sample is sensitive to the annealing temperature. 
The fixed annealing temperature at 154 ⁰C may not be the optimized condition for 
different H/D blended α1samples which has different melting temperatures, and thus may 
give different fraction of final α2 samples. Thirdly, previously Zhen et al [29] reported 
iPP samples crystallized in Tc =150 ºC (α2 samples) typically have a melting temperature 
20 K higher than α1 samples. The largely increased melting temperature reflects the 
ordered packing and lamellar thickness differences in the iPP samples. However, after 
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annealing, their samples only increase around 3K in the melting temperatures. The low 
melting temperatures reflect the iPP may not well crystallize into α2 form. 
Then, I’d like to focus on the characterization techniques for IR study. The IR 
spectroscopy cannot selective observation of the crystalline signal. Thus, many unwanted 
structures such as amorphous signals, isolated stems and adjacent re-entry structure along 
different directions which give different line shapes are included in the limited spectral 
range of 10 cm
-1(δ (CD3) from 1070 to 1060 cm-1 for iPP), which is only slightly wider 
than the single IR peak. The maximum splitting of δ(CD3) observed for pure dueterated 
iPP is only 2.7 cm
-1
 in α2 form. And the band splittings in both α1 and α2 form of iPP 
were not well resolved, with multiple peaks heavily overlapping, even in the D/H = 100/0 
sample. After decreasing the D/H ratio, the splitting width gets smaller, making it 
difficult to quantitatively observe. Thereby if the polymer systems have higher 
crystallinity and very high adjacent re-entry structures along one specific direction might 
be detected by IR spectroscopy. However, if crystallinity is lower and a chain adopts 
complicated lineshapes, the limited resolutions do not clarify the adjacent re-entry. The 
different adjacent re-entry structures also provide different lineshapes in IR works. For 
example, in α2 bilayer folding models, the CH3 group point out of the bilayer is much 
isolated than the rest two CH3 in the same stem. Even in the infinite bilayer model, 
environment of one third of CH3 groups in each 31 helix is very similar to those in the 
isolation case, which may give singlet in IR, thus IR may further underestimate the 
adjacent re-entry structure. Also, the lineshape on IR spectroscopy also depends on the 
domain size and other parameters and it is really difficult to quantitatively separate 
different components’ contribution based solely on the limited resolution of IR 
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spectroscopy. Even in highly folded 6 stems in iPP case, it has 6 well isolated CH3s 
which are point out of the bilayers, 4 CH3s surrounded one neighbor stem, and 8 CH3s 
surrounded by multi stems. In this situation, the IR may underestimate the adjacent re-
entry ratio by cannot successfully differentiates the different components. The 6 isolated 
CH3s may provide the lineshape similar to the isolation stem which is singlet, and 
underestimates the adjacent re-entry structure. So, it’s difficult to quantitatively evaluate 
these different structures based solely on the IR spectrum range. 
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Figure 2.8 IR results for mix crystal of 
1
H and 
2
H iPP. Reproduced with permission from 
Ref. [56]. Copyright 2008 American Chemical Society. 
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In summary, the IR study has not provided detailed information at molecular level of 
chain folding structures in melt-grown crystals. Even recent study can not offer the 
conclusive evidence on chain folding structures and the chain folding structures in semi-
crystalline polymer are still under debate.  
 
2.4.3 TEM Decoration  
Beside the NS and IR which can study the chain folding structures in the melt-grown 
crystals, other techniques also characterized the chain folding structures with advanced 
methods. Wittmann and Lotz [20] have used the TEM decoration method to illustrate the 
chain folding on PE single crystals. Their results were shown in Figure 2.9. Figure 2.9 a) 
shows the experimental results for low molecular weight PE decoration on PE single 
crystals. They used the low molecular weight PE vapor and this vapor can deposit on the 
surface of the PE single crystals. The structure of the surface of the PE will influence the 
way of the deposition of the low molecular weight PE, and the deposition direction can 
be observed by TEM. Their results clearly show the deposited PE rods are aligned 
perpendicular to the growth front, which indicate the surface orientation of the PE single 
crystals. They attribute this orientation to the regular adjacent re-entry structure of the PE 
single crystal. Figure 2.9 b) shows the schematic illustration of the PE decoration of small 
molecules and the PE single crystals. Different orientations were observed on different 
substrates of the small molecules and PE single crystals. This indicates the chain folding 
direction is along the growth front as shown in the right of the Figure 2.9 b). 
However, this method can only be applied on single crystal but not melt-grown crystals. 
Also, other polymer single crystals may be difficult to analysis.[31] Also this method can 
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not quantitatively calculate the chain folding number and chain folding fraction at 
molecular level.  
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Figure 2.9 TEM decoration. Reproduced with permission from Ref. [20]. Copyright 1985 
John Wiley and Sons. 
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2.4.4 High Magnification AFM 
With the development of the characterization techniques, the magnification of the AFM 
is continuously increase which give the chance of directly observation the stem level 
structures including the chain folding structures. [39] Kumaki et al using the high 
magnification AFM, successfully observed the helical structure of the isotactic 
poly(methyl methacrylate) (it-PMMA). The it-PMMA crystalline structure consists the 
double strand helix, which is thicker than regular helical structures and this make it 
possible to first direct observation of the helical structures. Kumaki et al crystallized the 
it-PMMA into 2D crystals and observed the detail arrangement of the helix. Their results 
are shown in Figure 2.10. From the Figure 2.10, they observed the arrangement of helix 
and the chain folding structures as well.  
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Figure 2.10 High resolution AFM for iPMMA 2D crystals. Reproduced with permission 
from Ref. [39]. Copyright 2005 American Chemical Society. 
 
With continuous incensement of AFM techniques, mullin et al [21] are able to observe 
the chain structure in the crystalline state of PE using high magnification torsion tapping 
AFM. The used the comercial polyethylene with Mw = 169 kg/mol and PDI = 1.52. The 
PE sample thin film was made by dropping PE p-xylene solution at 1% onto the glass 
slide with and sequentially drying at 160 ºC. Then the sample was cooled to 135 ºC and 
sheared by a razor blade to orient the sample. This method gave the films varying 
thickness in the 10 micro ranges. Then the sample was further hold at 135 ºC and cool to 
the room temperature. Figure 2.11 shows the high resolution AFM image of the PE films. 
From the Figure 2.11, it clearly shows the stem level resolution AFM image for PE films. 
The Figure 2.11 a) also shows the chain folding structure directly observed by AFM 
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which indicated by the arrow. Figure 2.11 b) also shows a chain end defect in the 
crystalline region. Although the high resolution AFM gives clearly direct observation 
image of the chain folding structure, this method is still a surface method and can not be 
used to calculated the chain folding fractions. 
 
 
Figure 2.11 AFM PE films. Reproduced with permission from Ref. [21]. Copyright 2011 
American Physical Society. 
 
2.4.5 Real Time Neutron Scattering 
In the previous chapter 2.4.1, I have introduced the neutron scattering method to 
investigate the chain folding in melt-crystallized polymers. The neutron scattering’s 
results are difficult to conclude the chain folding models due to the different modes can 
fit the experimental results. Recently, the real time neutron scattering have been 
utilized[57] to study the low molecular weight PE with special synthesized material. With 
the development of the neutron radiation sources, the data can be collected in a short time 
and can be used to study the time dependence of PE crystallization. They also 
synthesized a special end deuterated low molecular weight PE, where the deuterated end 
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would provide the contrast in the neutron scattering and would not segregation with non 
deuterated PE. Their experimental NS data was shown in Figure 2.12. According to 
Figure 2.12, the crystallization began with the noninteger folding and would further 
transform to integer folding or fully extended form, such as extended, once fold, or triple 
layer mixed form. This experiment demonstrated the NS can be used to obtain useful 
time resolved information at 10s level. However, this experiment was performed on 
single dispersed PE oligomer. Still, there is a gap between this experiment and the real 
polymer system. 
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Figure 2.12 Real time NS on PE. Reproduced with permission from Ref. [57]. Copyright 
2005 American Chemical Society. 
 
2.5 Chain packing in iPP 
In this part, I’ll start to introduce the chain packing in iPP. Chain packing in iPP has also 
been studied by X-ray and SS-NMR. 
2.5.1 Chemical structural influences on iPP crystallization 
Crystalline structures of semi-crystalline polymers which are driven kinetically include 
more or less disordered structures such as chemical defects and physical disorders such as 
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conformation, orientation, and chain packing, etc, in the crystalline regions. These 
microscopic disorders significantly influence their structures such as crystallinity, 
lamellae thickness, morphology, and macroscopic properties such as mechanical and 
thermal ones.[4, 8, 32-35]  
IPP is one of well-studied systems among various semi-crystalline polymers.[1, 5, 6, 26, 
27, 40, 41] There are two types of chemical defects such as stereo and regiodefects in 
stereo-regular polymers. Among them, stereoregularity effects on structure and property 
of iPP have been extensively investigated in the last two decades.[4-6, 8, 36, 42, 58, 59] 
Cheng et al. indicated that unit-cell parameters of α form increases with decreasing 
stereoregularity and increasing supercooling, and stereoregularity significantly influences 
growth rate.[4, 8] Also, it was shown that lamellae thickness highly depends on 
stereoregularity.[5, 6]. Figure 2.13 shows the effect of the stereoregularity and 
suppercooling on the unit-cell parameters in α form. High stereoregularity leads to 
smaller ab, and larger β at same suppercooling. 
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Figure 2.13 Effect of the stereoregularity and the suppercooling on the unit-cell 
parameters in α form. The circle shows the high stereoregularity of 98.8%, and the square 
represents the low stereoregularity sample of 78.7 %. Reproduced with permission from 
Ref. [4]. Copyright 1991, Elsevier. 
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Yamada et al. investigated lamellae thickness, morphology, and melting temperatures of 
iPP with a very high isotacticity. Very high crystallization temperature (Tc) of 166 °C 
leads to very thick lamellae with a maximum thickness of ca. 70 nm, very high melting 
temperature of 187 °C, and few cross hatch structures, which is shown in Figure 2.14.[6]  
 
 
Figure 2.14 TEM image of lamellae structure in high isotactic iPP with Tc = 166 °C. The 
maximum lamellar thickness is 70 nm. Reproduced with permission from Ref. [5]. 
Copyright 2003, American Chemical Society. 
 
These experimental results indicate that stereoregularity significantly influences the 
crystalline structures at various length scales, crystallization process, and thermal 
property. 
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2.5.2 Crystalline forms in iPP. 
The iPP crystallizes into three crystalline forms including α (monoclinic, with a = 6.63 Å, 
b = 20.78 Å, and c = 6.50 Å), [1] β (trigonal, with a = b = 11.01 Å, and c = 6.5 Å), [2, 60] 
and γ (orthorhombic, with a = 8.54 Å, b = 9.93 Å, and c = 42.41 Å),[3] as along with a 
mesomorphic form[26] depending on preparation conditions. When iPP is cooled from 
the melt or solution, iPP is crystallized as α form. The α form is divided into two limiting 
forms, which are called as α1 and α2 forms.[1, 27, 61] Orientations of the methyl group 
are statistically disordered in α1 form, while, the orientations are completely ordered in α2 
form. The unit cell structure of α2 and α1 forms were shown in Figure 2.15.  
 
 
 
Figure 2.15 The unit cell structure of α2 and α1 forms in iPP [1] 
 
Temperature dependence of chain-packing structures of iPP with different 
stereoregularity has been investigated by several groups using X-ray diffraction 
(XRD).[36, 42, 58, 59] The results commonly indicate that crystallization at a low 
temperature[58] induces full-limit disorder (α1 form), and crystallization or annealing at a 
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very high temperature (Ta) close to melting temperature (Tm) leads to nearly full α2 
structure (90 - 100 %) even at different stereoregularity (89 ≤ isotacticity at pentad level, 
<mmmm> ≤ 99.6 %).[36, 42, 59] The local structural differences in α2 form and α1 form 
are reflected in X-ray peaks at high 2θ angles. [27] Radhakrishnan et al [42] have studied 
the iPP with 99.5 % isotacticity crystallized at Tc = 150 ºC. The obtained fractions of α2 
form are nearly 100 %. They used the reflection at 32º to 34º and determined the fraction 
of α2 form. However, the peaks from X-ray are quite weak at high angles, which are 
shown in Figure 2.16. [42] 
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Figure 2.16 X-ray results of iPP sample crystallized at 125, 150 and 156°C, respectively. 
The upper and lower curves indicate the original and peak-separated curves. 
 
Solid-state (SS) NMR is a very powerful tool for characterizing structural disorders and 
provides different views on packing disorders of iPP from the XRD ones. Bunn et al. for 
the first time demonstrated that 
13
C high-resolution NMR detects α1 and α2 structures as 
different line shapes.[30] Later, Horii et al. and Caldas et al. confirmed disordered 
component in addition to the α2 component as crystalline structures when iPP was 
crystallized at high Tc.[43, 44] Recent developments of NMR methods such as high 
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power decoupling[62] and two dimensional (2D) shift correlation technique[63] largely 
improved spectral resolutions. As a result, our group verified co-existence of α1 and α2 
structures in iPP sample with <mmmm> > 95 % even at high Tc ≥ 150 °C.[28] A 
maximum α2 fraction was estimated to be ca. 60 %. This result implies that not only 
kinetics but also chemical and physical structures (e.g., entanglements and chain-folding 
structure) influence chain-packing structures. To properly understand origins of packing 
disorders, it is necessary to further characterize how chemical parameters such as 
stereoregularity and molecular weight (Mw) influence local chain-packing structures of α 
form of iPP using SS-NMR. 
 
2.5.3 Spatial connectivity of α1 and α2 forms in iPP 
Also, length scale and spatial connectivity of the different packing structures is another 
unresolved issue in α form. So far, several models have been proposed to describe the 
spatial connectivity between the α1 and α2 structures. Hikosaka and Seto proposed island-
sea model, where small order (disorder) domain appears in the sea of disorder (order) 
structures.[27] Corradini et al. proposed a bilayer model on the basis of crystallographic 
and configurational constrains,[64] where one bilayer consisting of two stems along 
crystallographic a axis is occupied by either α1 or α2 structure. Auriemma et al. proposed 
a small cluster model, where two or three stems make a small domain within a bilayer.[36] 
Different models of α1 and α2 spatial connectivity in iPP are summarized in Figure 2.17. 
Very minor structural difference between the α1 and α2 structures limits available tools 
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which can spatially correlate two packing structures. To our knowledge, only 
1
H spin 
diffusion combined with high-resolution NMR can tackle this problem. 
 
 
Figure 2.17 Schematic illustrations of α1 and α2 spatial connectivity in iPP in various 
models: a) small cluster; b) anisotropic domain; c) three phase I and d) II. 
 
2.5.4 Defect partition in crystalline region of α1 and α2 forms in iPP 
Elucidation of incorporated fractions of chemical defect in the crystalline region is also 
important. Flory, and Sanchez and Eby proposed exclusion[65] and uniform models,[66]
 
respectively. In the former, defect is completely excluded from the crystalline region 
while in the latter, defect is uniformly distributed in the crystalline and amorphous 
regions. Recently, VanderHart et al. using SS-NMR observed chemical partitions of 
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stereodefect and regiodefect in the crystalline region of metallocene samples with 
stereodefect of <mmmm> ≤ 95.7 % and regiodefect ≤ 2.4 %.[67] They indicated that ca. 
50 and 30 % of stereodefect and regiodefect, respectively, are included in the crystals of 
the metallocene samples. Chemical partition in Zieglar-Natta (ZN) sample was not well 
characterized due to too small signal intensities of defects. Figure 2.18 shows the pure 
crystalline signal for iPP samples. The weak signals at 16, 30, 33, 47 and 50 are the 
defect signals remaining in the crystalline region. 
42 
 
 
Figure 2.18 Vertically expanded crystalline signal of different iPP samples. The catalyst 
types are represented as Z for Zielger-Natta and M for Metallocene. The isotacticity was 
also shown as S. Reproduced with permission from Ref. [67]. Copyright 2000, American 
Chemical Society. 
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2.5.5 Chain packing structures’ effects on molecular dynamics 
Molecular dynamics of crystalline stems significantly influence crystallization process, 
lamellae thickening,[68-72] and drawability.[73] Recent XRD and TEM studies 
suggested that the α2 structure experiences secondary phase transition into disordered α2’ 
phase at a high temperature of 157 - 159 °C and very fast motions in the disordered phase 
result in very thick lamella with a maximum thickness of ca. 70 nm.[5, 6, 40] SS-NMR 
has been successfully used to unravel molecular dynamics in ordered and disordered 
crystals as well as glassy polymers.[28, 68, 70, 72, 74-81] For iPP, one and two 
dimensional exchange NMR methods have shown that crystalline stems in α form 
perform discrete helical jumps with a jump amplitude of 120° at 387 K[75] and the α1 
and α2 rich samples have different activation energy of 76 and 102 kJ/mol, 
respectively.[28] 
 
2.5.6 Conformational constrains and chain folding structure in α1 and α2 forms in iPP 
The chain packing structure of α2 and α1 forms limits the possible chain folding sites in 
iPP α forms. So I’ll introduce the influences of the chain packing structure on the chain 
folding structures. 
According to literatures, the CF structures of iPP α phases are controversial.[28, 29, 31, 
36, 56, 64] Here, we explain our strategy using tentative CF structures for the iPP α forms 
as illustrated in Scheme 2.1.[28, 29, 31, 36, 64] iPP chains adopt four kinds of 31 helical 
conformations by combinations of handedness and orientation. Due to the configurational 
constraints, folding is allowed between two stems having different helix handedness (left 
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(L) and right (R)) and the same orientations, or the same handedness and different 
orientations (up (u) and down (d)).[82] For example, R-helix with upward orientation (Ru) 
can only fold back into either Rd or Lu. Similarly, Ld can connect with Lu or Rd via chain 
folding. Based on the ordered orientations of the methyl groups and configurational 
constraints,[27] Corradini et al proposed adjacent re-entry model within a bilayer along 
crystallographic a* direction for the α2 form.[36, 64] Under the assumptions of adjacent 
re-entry structure, the α2 packing structure and configuration restrict CF directions along 
(100) and (140) within a bilayer along a* axis as illustrated in Scheme 2.1 a.[64] This 
bilayer model is named CF-I. In α1, each methyl group randomly adopts either up- or 
downward orientation. A lack of chain-orientation order allows any CF direction. The α1 
sample was prepared by a rapid crystallization at low Tc. According to the kinetic 
theory,[22] such a rapid crystallization condition might lead to random re-entry fashion 
and hence one example was represented in Scheme 2.1b.  
 
Scheme 2.1 Chain-trajectory models in α2 a) and α1 b) of iPP.[28, 29, 31, 36, 64] The 
methyl groups colored by yellow are 
13
C labeling sites. 
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2.6 Summary 
In summary, based on the literature results, various advanced techniques have been used 
to investigate the chain-folding structures in semi-crystalline polymers. However, chain-
folding structures at molecular level are still unclear as well as the crystallization 
mechanism. I’ll investigate chain folding structure of iPP. Also we can also bring some 
insights on the chain packing in iPP sample, such as the influences of chemical structure, 
spatial connectivity, and the defect partition in crystalline region. Therefore, we designed 
series of experiments to study the unsolved problems. 
46 
 
CHAPTER III 
 INTRODUCTION FOR SS-NMR TECHNIQUES 
 
3.1 Introduction 
Among variety experimental techniques, the SS-NMR is one of very powerful tools, 
which is capable of investigating the local structures and dynamics of organic molecules 
from synthetic polymers to bio-macromolecules as well as inorganic materials.  
Our group is focusing on advanced SS-NMR techniques to tackle the challenging 
questions in polymer physics. Our goal is to provide new insights in polymer 
crystallization. So in this chapter, I’ll just introduce the SS-NMR techniques and 
strategies used in this dissertation for general audience interested in polymer 
crystallization. 
Comparing to solution NMR, the SS-NMR suffers from the much less mobility of the 
molecules in solid state which results in a much broader lineshape. However, with the 
development of SS-NMR techniques, the resolution was largely improved and SS-NMR 
can be used to study variety of the features in the solid states. In SS-NMR, different 
techniques can be used to obtained different information in the solid states. In SS-NMR, 
the unoriented powder samples show angular dependences of magnetic interactions such 
as chemical shift anisotropy (CSA) and dipolar interactions relative to magnetic field. 
Such interactions are particularly useful to determine local structure and molecular 
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dynamics of molecules in the solid states. At the same time, multiple magnetic 
interactions and functional groups leads to overlapped and broadened NMR spectral 
patterns which largely limit the ability to understand detailed dynamics and structures. To 
solve these problems, high resolution SS-NMR has been developed. , and I’ll introduce 
the basic techniques using in this dissertation. For rare spins, magic angle spinning (MAS) 
removes the CSA and the high power decoupling techniques reduces hetero-nuclear 
dipolar interactions. Also, cross polarization (CP) has been applied to enhance the 
sensitivity of the rare spins, e.g., 
13
C and 
15
N, etc. Using combining different techniques, 
the lineshape of SS-NMR was largely improved. In addition, variety SS-NMR pulse 
sequences were developed to selectively observe different phase structures and molecular 
dynamics. More recently, the advanced NMR techniques can recouple the specific 
anisotropic interactions which give us a chance to study the molecular conformation, 
molecular dynamics, chain packing, and chain folding using SS-NMR. 
 
3.2 Basics of Nuclear Magnetic Resonance 
The nuclear magnetic resonance is the physical phenomenon for nuclei in the magnetic 
field which can absorb and emitting the electro-magnetic radiations. The nuclei in the 
magnetic field exposed to different type of interactions, which would influence the 
behavior of the nuclei. The full quantum mechanical treatment of the nuclear magnetic 
resonances has been developed as well as the classical description of NMR. The different 
interactions can be divided into external and internal interactions. The external 
interactions are Zeeman interactions from static magnetic field and the radio frequency 
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field from the pulse. The internal interactions include the interactions of the spins with 
the local environment.  
 
3.2.1 Energy levels of basic interactions 
In this part, I’ll introduce the different magnetic interactions and the relative intensity of 
different interactions. The relative intensity of the different common internal and external 
interactions in solid and in solution was shown in Figure 3.1. [83] The size of the circle 
shows the strength of the interactions. In NMR, the static field is quite strong compare to 
other external and internal interactions, which is shown as the biggest size in the Figure 
3.1. The second strongest interaction is the quadruple coupling, which is does not exist in 
1/2 spin system. Commonly polymer have only 
1
H, and 
13
C spins whose spin quantum 
number (I) is 1/2, so the quadruple coupling vanishes. The radio frequency (rf) 
interaction is introduced by the pulse sequence. 
The internal interactions contain chemical shift, dipolar interactions and J coupling. In 
my research, I used the chemical shift and dipolar interactions which I’ll introduce later. 
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Figure 3.1 Relative intensity of the common external and internal interactions. 
Reproduced with permission from Ref. [83]. Copyright 2008 John Wiley and Sons. 
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3.2.2 Zeeman interaction 
The Zeeman interaction is introduced by the external field B0. The interaction is 
expressed in 
            ⃑⃑           
Equation 3.1 
Where the   is the gyromagnetic ratio, which is determined by the nuclei. The   is plunk 
constant.  
Under external field, the energy level will split into (2I+1) states with 
        
Equation 3.2 
It can also be written in Larmor frequency, where the magnetization precessing around B0, 
 
ω0      = - γB0  
Equation 3.3 
The precessing frequency and the energy level is determined by the external field and 
gyromagnetic ratio.  
 
3.2.3 Dipolar interaction 
The dipolar interaction can be divided into two types based on the different mechanism, 
which are direct and indirect dipolar couplings. The indirect dipolar couplings are refer as 
the J coupling which is widely used in solution state NMR. For 
13
C NMR, where the 
13
C 
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is the rare spin with 1.1 % natural abundance, the probability for direct 
13
C to 
13
C dipolar 
interactions is quite low for 
13
C non-enriched samples. However, for most of the organic 
solids, the 
13
C are usually direct bonded with the 
1
H. The 
1
H to 
13
C hetero-nuclear dipolar 
interactions is not negligible, which is shown in Figure 3.1. The 
1
H is the abundant spin 
for hydrogen which can contribute to the hetero-nuclear interactions and significant 
influence the rare spin spectrum. 
The Hamiltonian dipolar interactions can be written by the correspondence principle,  
    ∑ ∑ 
      
             
 
Equation 3.4 
The strength of     is expressed as following, 
    
  
  
 
    
       
 
Equation 3.5 
The dipolar coupling strength is proportional to 1/r
3
. The 
13
C to 
13
C dipolar coupling 
strength will be studied by the double quantum NMR, and I’ll introduce in the later this 
chapter. 
The Hamiltonian of dipolar interactions can be expressed by the dipolar alphabet. 
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Equation 3.6 
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Where, 
               
    
          
   
    
   
             
         
          
               
            
          
              
        
   
                
           
   
               
Equation 3.7 
The term ‘A’ is the diagonal elements which would commute with external field B0. The 
term ‘B’ includes both raising and lowering operator which gives zero quantum transition. 
The term ‘C’ and ‘D’ are include only one operator which will give the single quantum 
transition. The ‘E’ and ‘F’ will result in flipping both spins and gives double quantum 
transition. 
 
3.2.4 Chemical shift and chemical shift anisotropy 
The interaction between the spins and external magnetic field is affected by the external 
environment. The static magnetic field and the electron cloud would generate a small 
magnetic field, which influences the surrounding magnetic field of the nuclei. The 
electron cloud surrounding the nuclei would influence the local magnetic field of the 
nuclei and the total magnetic field surrounding the nuclei is determined by the static 
magnetic field and the electron cloud. The electron is treated using the shielding effect 
and the magnetic field at the nuclei is, 
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Beff = σB0 
Equation 3.8 
Where the σ is from the shielding effect of the electron cloud. 
The chemical shift anisotropy (CAS) Hamiltonian can be expressed as following, 
HCSA = γIσB0 
=γ        (
         
         
         
)(
  
  
  
)  
Equation 3.9 
Where, the σ represents second rank CSA shielding tensor. 
Usually, we define the static magnetic field in the z direction, which is Bstatic = (0, 0, B0). 
So, the Hamiltonian can be written in such form,  
HCSA = γ                          
= γB0                    
Equation 3.10 
Where, the    ,     and     are representing xz, yz, and zz components of shielding in 
the laboratory frame. 
The typical simulated CSA pattens are shown in the Figure 3.2 with different degree of 
anisotropy. The broad CSA pattern limits the ability to separate different chemical groups. 
In solution NMR, the CSA is average out due to the rapid motion of the molecules. The 
rapid movement of the molecules would give only sharp peak at ωiso. The magic-angle 
spinning (MAS) was applied in solid state NMR to suppress the anisotropic CSA and 
obtain the high-resolution NMR. MAS will be introduced later in this chapter. 
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Figure 3.2 Powder pattern lineshapes for a single molecular site with CSA. The 
influences of the asymmetry parameter (η) and the anisotropy parameter (δ) are 
illustrated. Reproduced with permission from Ref. [83]. Copyright 2008 John Wiley and 
Sons. 
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3.3 High resolution solid-state NMR  
Comparing to solution NMR, the solid state NMR suffers the much less mobility in solid 
state. The resulted broad lineshape of CSA was introduced in earlier this chapter. With 
the development of solid-state NMR techniques, the resolution was largely improved, by 
MAS [84] and high-power decoupling. [85] The resolution of high-resolution solid-state 
NMR is high enough to separate different chemical groups which are similar to the 
solution NMR. In solid, also due to the mobility issue, the relaxation of the 
13
C is largely 
slowed down, which influences the efficiency in obtaining the solid spectra. Cross 
polarization technique is used to significantly reduce the time consumption in the solid 
state NMR, which helps to obtain the high resolution NMR spectrum in the reasonable 
time. Here, I’ll introduce the basic of the magic angle spinning, high power decoupling 
and the cross polarization which are three commonly used techniques in high resolution 
solid state NMR.  
 
3.3.1 MAS 
As introduced in earlier this chapter, the solid state NMR suffers the inhomogeneous 
broadening from the CSA and the lack of mobility in solid states. The overlapping of 
different signal from different chemical groups in the sample largely limit the solid state 
NMR to study the complex chemicals. High resolution NMR must suppress the CSA in 
the organic solids. 
The idea comes from the origin of the inhomogeneous broadening. In solution NMR, the 
rapid movement of the molecules suppresses the CSA and only remains the isotropic 
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chemical shift effect and gives only sharp peaks in solution. This isotropic chemical shift 
effect is a key in solution NMR to identify different chemical groups. As the solid sample 
lack of the mobility, the idea is introduce the arbitrary movement to the organic solids 
which mimic the movement in the solution to suppress the CSA. Based on this idea, early 
scientists start to rotate the sample which introduces the movement to the solids. The 
easiest way to fulfill the arbitrary movement of the solids is the uniaxial rotation. The 
illustration is shown in the Figure 3.3. [86] The arbitrary rotation of the sample would 
constantly change the B0 in the principal axes system. In the fast rotational systems, the 
angler dependence can be written in 
                           
      
Equation 3.11 
Where the β is an arbitrary angle and the θr is the angle of rotational axis to the static 
field B0, which is shown in Figure 3.3. From Equation 3.11, we can see that the uniaxial 
rotation plays an important role to determine the CSA. By choosing the right angle to 
rotate, the scaling factors can vanish, at 3cos
2θr-1 = 0. This angle of 54.74º is the magic 
angle where the angler dependence part is averaged out. So, the MAS can average out the 
anisotropic interactions. Although, the MAS spinning rate is often not sufficient to 
average out all the anisotropies such as the dipolar couplings. The suppress of CSA is the 
main purpose of MAS. 
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Figure 3.3 The uniaxial rotation of the solids in solid used in solid state NMR. 
Reproduced with permission from Ref. [86]. Copyright 1994, Elsevier. 
 
Here, I’ll introduce one example of MAS experiment. Stejskal et al[84] have 
demonstrated that effects of MAS frequency on 
13
C high-resolution NMR spectra of 
polycarbonate, shown in Figure 3.4, For non-spinning sample, the broad CSA peaks were 
obtained. With the spinning of the sample, the resolution is significantly improved. For 
sample spinning at non-magic angle, even with high spinning rate of 3.2 kHz, the 
resolution is not as high as sample spinning at a lower speed at magic angle. The 
resolution for sample spinning at magic angle is significantly better than the rest spectra.  
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Figure 3.4 Dipolar decoupled, cross polarization 
13
C spectra of polycarbonate rotor under 
a vatiety of spinning conditions. Fast spin was 3.2 kHz and slow-spinning was 1250 Hz. 
Reproduced with permission from Ref. [84]. Copyright 1977 Elsevier. 
 
Stejskal et al[84] also studied the spinning rate dependence of the magic angle, shown in 
Figure 3.5. In Figure 3.5, different MAS conditions were applied to the poly(methl 
methacrylate), from non-spinning, to high spinning frequency at 3.2 kHz. From the 
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Figure 3.5, the high spinning rate of the 3.2 kHz is efficiently removing the chemical shift 
anisotropy. Another point need to be mentioned is the efficiency to remove the CSA 
effect is dependent on the chemical structures. For even every low spinning rate of 0.56 
kHz, the peak from aliphatic region is largely improved. However, at the same spinning 
rate, the carbonyl group at high ppm behaves differently. The carbonyl group shows 
several spinning side bands, which suppressed by higher spinning rates. The width 
between neighborly spinning side bands is the spinning frequency, which can be seen 
from the shift of the sideband at higher spinning rates. With increasing the spinning rates, 
the spinning side bands are suppressed and the main peak signal is more dominate. In our 
labs instruments, the spinning rates can be as high as 16 kHz, which is sufficient for the 
common organic solids in obtaining the 
13
C spectra. 
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Figure 3.5 Dipolar decoupled, cross polarization 
13
C spectra of a poly(methl methacrylate) 
rotor under magic angle spinning, as a function of spinning frequency. Reproduced with 
permission from Ref. [84]. Copyright 1977 Elsevier. 
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3.3.2 High power decoupling 
In the previous chapter, the homo- and hetero-nuclear dipolar couplings were introduced. 
The dipolar coupling would also broaden the spectra which must be removed by high 
power decouplings. For 
13
C NMR spectrum at nature abundance, the 
13
C is a rare spin at 
1.1 % natural abundance, which the 
13
C to 
13
C homonuclear coupling is quite minor. 
However, the heteronuclear coupling from 
1
H to 
13
C is quite strong. To remove the 
heteronuclear dipolar couplings, the decoupling of the 
1
H is necessary. Figure 3.6 shows 
the pulse sequence of the decoupling process. The continuous wave decoupling was 
applied to the 
1
H channel during the excitation and acquisition of the 
13
C signal. Without 
the decoupling of the 
1
H channel, the heteronuclear dipolar couplings are too strong and 
would result in a broad lineshape of 
13
C spectrum. 
 
 
 
Figure 3.6 Pulse sequence for one pulse experiments.  
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Figure 3.7 shows the results for the high power decoupling of the 
1
H. [85] Figure 3.7 a) 
and b) show the spectra of the adamantine with and without the 
1
H decoupling. From the 
results, the 
13
C lineshape is largely improved by applying the 
1
H decoupling. 
 
 
Figure 3.7 
13
C spectra of the adamantine a) with 
1
H decoupling, b) without 
1
H decoupling. 
Reproduced with permission from Ref. [85]. Copyright 1994 Elsevier.  
 
Figure 3.8 shows the recent development of the Two Pulse Phase Modulation (TPPM) 
decoupling. [62] Using the more advanced decoupling pulse, the spectra resolution can be 
further improved. The application of the TPPM decoupling in calcium formate with 10.7 
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kHz MAS spinning rate and decoupling strength of 62.5 kHz can obtain further 
information of the nonequivalent formats ions signals which is separated by 80 Hz. The 
application of the continuous wave decoupling at the same decoupling strength can not 
access to this detailed information due to the limited resolution. Using the TPPM 
decoupling, the hetero-nuclear dipolar coupling is efficiently reduced. 
  
 
Figure 3.8 The centerband of the CPMAS spectra of calcium formate at 10.7 kHz 
spinning frequency with a) TPPM and b) CW decoupling at rf field strength of 62.5 kHz. 
Reproduced with permission from Ref. [62]. Copyright 1995 AIP Publishing LLC. 
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3.3.3 Cross polarization 
Cross polarization is a technique widely used in solid state NMR to improve the 
sensitivity of the rare spins, such as 
13
C. Usually in organic solids, it starts with excitation 
of the abundant spins, 
1
H, and sequentially transfers the energy into rare spins, 
13
C. The 
pulse sequence of the cross polarization is shown in Figure 3.9. In Figure 3.9, the cross 
polarization process is after the excitation of the 
1
H, and the arrow shows the energy 
transferring from 
1
H to 
13
C. 
 
 
Figure 3.9 Pulse sequence for cross polarization experiment.  
 
Why it's necessary to perform cross polarization in organic solid? The major reason is the 
relaxation process for rare spin in solids is quite slow. To obtain the quantitative solid 
state NMR spectra, the time between each circle of experiment, recycle delay, should be 
long enough to let the spins to relax to the original energy states, typically 5 times of T1 
relaxation. For the solid state NMR, the lack of mobility as well as the dilute natural of 
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13
C spins leads to long T1 relaxation. Typical carbon T1 for organic solid is around 30 s 
level. This long T1 value leads to the recycle delay around 150 s. However, if we can 
excite the 
1
H and transfer the energy to 
13
C using cross polarization techniques, the 
recycle delay can be shorten to 5 times of the T1 relaxation of 
1
H. As the 
1
H is the 
abundant spin, the relaxation process is largely improved, giving the T1 relaxation of 
1
H 
in hundreds of milliseconds level. The recycle delay in cross polarization experiments 
can be set in around 2s, which is about 100 times more efficient than the direct excitation 
of the 
13
C. Also, the recycle delay is usually the most time consuming process in the 
NMR experiments. The excitation pulse is around several microsecond level, the cross 
polarization time is around 0.5 to 1 milliseconds, and the acquisition time is typically 
around several tens of milliseconds to 150 milliseconds. Even comparing to the short 
recycle delay of 2 seconds in cross polarization experiments, the time consumption of the 
recycle delay is around 90 %. So, the shortening of the recycle delay is crucial to the 
solid state NMR experiment which can give more scans in a given time. The cross 
polarization experiments also benefit the sensitivity in the high gyromagnetic ratio of the 
1H, which is around 4 times of the 
13
C. The high gyromagnetic ratio of 
1
H would also 
benefit the sensitivity of 
13
C in around 4 times during cross polarization experiments. The 
detailed reason will be introduced later in Hartmann-Hahn condition part. By combining 
the magic angle spinning, high power decoupling, and cross polarization, the time 
consumption of typical high resolution solid state NMR spectrum with reasonable signal 
to noise ratio is shorten to around 1 hour. 
The cross polarization experiment also has its limitation. As the cross polarization 
experiment involves the energy transferring process from 
1
H to 
13
C, the energy 
66 
 
transferring efficiency is influenced by several parameters. Firstly, it influenced by the 
number of the number of 
1
H attached on the 
13
C. Secondly, it influenced by the mobility 
of the sample. For example, for semi-crystalline polymer with low glass transition 
temperature, the amorphous region and the crystalline region has largely different 
nobilities. The rapid movement in amorphous region would largely decrease the cross 
polarization efficiency for amorphous region than that of crystalline region. This different 
cross polarization efficiency would lead to a lower sensitivity of the amorphous region to 
the crystalline region. The cross polarization spectrum can not be used to quantitatively 
distinguish the fraction of two components with largely different mobility, such as the 
determination of the crystallinity in isotactic polypropylene. 
Up to here, I have introduced the advantages of using the cross polarization as well as its 
limitation. Then I’d like to introduce the basic theory in setting up out the cross 
polarization experiment. In order to let the energy transferring process happen, the 
specific energy setting called Hartmann-Hahn condition must be fulfilled.[87] The 
Hartmann-Hahn condition contributes to the additional 4 times sensitivity enhancement 
for cross polarization. First, I’ll introduce the basic Hartmann-Hahn condition in static 
situations. Figure 3.10 shows the energy level in Hartmann-Hahn condition.[88] Figure 
3.10 a) shows the energy level for 
1
H (represented by I) and 
13
C (S) not having the energy 
transferring. As explained earlier this chapter in the Zeeman interaction part, the energy 
level of one spin is determined by the static B0 and the gyromagnetic ratio. The 
1
H has a 4 
times energy level comparing to the 
13
C. When during Hartmann-Hahn condition, the 
energy level is different. The Hartmann-Hahn condition induces by the I-S coupling and 
gives a energy level of ω1I = ω1S. So, by setting up the Hartmann-Hahn condition, the 
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energy level of the 
13
C would match the energy level of 
1
H, which gives a 4 times 
enhancement. 
  
 
Figure 3.10 Energy level of I and S spins a) not on Hartmann-Hahn condition b) on 
Hartmann-Hahn condition. Reproduced with permission from Ref. [88]. Copyright 2007, 
John Wiley & Sons, Ltd. 
 
When obtaining the high resolution solid state NMR, the magic angle spinning will also 
applied. The application of the magic angle spinning will influence the Hartmann-Hahn 
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condition.[88] Figure 3.11 shows the influences of the rotation to the Hartmann-Hahn 
conditions. After the sample is rotated, the Hartmann-Hahn condition deviated from the 
matching condition of ω1I = ω1S, with ± nωr, whereωr is the rotational frequency. In 
setting up the solid state NMR experiment, the Hartmann-Hahn condition need 
recalibration when changing the magic angle spinning rates. 
 
 
Figure 3.11 The influences of the magic angle spinning on Hartmann-Hahn condition as a 
function of spinning rates. Reproduced with permission from Ref. [88]. Copyright 2007, 
John Wiley & Sons, Ltd 
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3.4 Advanced solid state NMR techniques used in this dissertation 
Earlier the chapter, I introduced the basics of the solid state NMR and the different 
techniques to obtain high resolution solid state NMR spectra. In this part, I’ll introduce 
some of the more advanced solid state NMR techniques used in my dissertation. 
 
3.4.1 Spin-lattice relaxation in the rotational frame  
As explained earlier in this chapter, the cross polarization can selectively observe the 
crystalline component in semi-crystalline polymer with low glass transition temperatures. 
This introduced the selectivity of the solid state NMR. By using different pulse sequences, 
the different information, such as spectra of crystalline signals or spectra of all 
components, can be selectively observed. Here, I’ll introduce the spin lattice relaxation in 
the rotational frame techniques, which can further obtain the pure crystalline signals, 
shown in Figure 3.12. 
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Figure 3.12 Pulse sequence for 
13
C CPMAS experiments with spin lattice relaxation time 
in the rotational frame (T1ρH) filter. 
 
By adding a T1ρH filter after excitation of the 
1
H but before cross polarization, the 
1
H 
signal from the rapid movement region, amorphous, can rapidly vanish. By carefully 
choose the T1ρH filter time, the signal from amorphous region can be filtered out. 
Figure 3.13 shows the experimental results for
13
C CPMAS experiments T1ρH filter as a 
function of filter time for iPP with Tc = 145 ºC. 
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Figure 3.13 
13
C CPMAS experiments with T1ρH filter as a function of spin locking times 
for high stereo regularity iPP crystallized at 145 ºC.  
 
From the experimental results shown in Figure 3.13, under different T1ρH filter length, the 
experimental results show a double exponential decay function. The initial rapid decay 
was the decay from amorphous region and the latter is from the crystalline region of 
isotactic polypropylene. The fitted values of amplitude and T1ρH relaxation time for this 
sample were shown in Table 3.1. From the Table 3.1, largely different T1ρH relaxation 
times for amorphous and crystalline region were obtained. By applying a T1ρH filter of 8 
ms, the most of the amorphous signal can be filtered, while the most of the crystalline 
signal remains. This example clear shows the ability of solid state NMR to selectively 
observe the crystalline signal in iPP by 
13
C CPMAS experiments with T1ρH filter. 
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Table 3.1 Fitted T1ρH relaxation time for high stereo regularity isotactic polypropylene 
crystallized at 145 ºC. 
Regions Amplitude T1ρH relaxation time 
Amorphous region 0.21 ± 0.01 3.3 ± 0.4 
Crystalline region 0.79 ± 0.01 63 ± 3 
 
3.4.2 Domain size obtained from the 1H spin diffusion 
The selection observation of different regions techniques was introduced in the former 
part. In this part, I’ll introduce how to obtain the domain size using 1H spin diffusion 
techniques. 
Figure 3.14 shows the illustration of how the NMR techniques can obtain the detailed 
structure using 
1
H spin diffusions. 
1
H spin diffusions is a multi-step magnetization 
transfer process. The Figure 3.14 shows a two component system of A and B which are 
packed in lamellar structures. In order to study the domain size, the first step is the signal 
selection of only one component. In the previous part, the T1ρH filter was introduced to 
selectively observe the crystalline signal, which can be one of the filters. After the signal 
selection of one component, the next step is allowing the spin diffusion to build up. By 
changing the spin diffusion time, the energy graduate transfer from component A to 
component B. After certain time period, the spin diffusion would reach to the equilibrium. 
The domain size is obtained by how fast this spin diffusion happens. For smaller domain 
structure of A and B, the interfacial areas are large which would facilitate the 
1
H spin 
diffusion. For a larger domain structure, the spin diffusion is slower. 
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Figure 3.14 Illustration of 1H spin diffusion in determining A/B domain size. Reproduced 
with permission from Ref. [86]. Copyright 1994, Elsevier. 
 
The relationship of the spin diffusion rate and the domain size are illustrated in Figure 
3.15. In Figure 3.15, the domain size was determined by the spin diffusion experiments, 
from 1 to 200 nm. The initial build up curve of the spin diffusion was used to determine 
the domain size with linear relationship of the intensity to the square root of the spin 
diffusion times. The following equation can be used to calculate the domain size of A. 
    
 
  
√    
                   
Equation 3.12 
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Where    stands for the domain size of A component,    stands for the volume fraction 
of B component. D is the system’s spin diffusion constant. The   
  is determined by the 
spin diffusion experiment as shown in Figure 3.15. 
 
 
Figure 3.15 Illustration of the spin diffusion process at different domain size. Reproduced 
with permission from Ref. [86]. Copyright 1994, Elsevier. 
 
In my dissertation, I used 2D CP/MAS
13
C NMR exchange experiment for through-space 
isotropic chemical shift correlation (CHHC), which is shown in Figure 3.16, to study the 
domain structure by 
1
H spin diffusion. This technique used three CP processes and 
obtained 
13
C-
13
C isotropic chemical shift correlation. 
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Figure 3.16 pulse sequences for 2D solid-state CP/MAS13C NMR exchange experiment 
for through-space isotropic chemical shift correlation (CHHC). Reproduced with 
permission from Ref. [89]. Copyright 1998, Elsevier. 
 
3.4.3 Center-band only detection of exchange (CODEX) 
Center-band only detection of exchange is a powerful NMR technique which can obtain 
the dynamics information in a relative short time. The pulse sequence for CODEX is 
shown in Figure 3.18. [90] The CODEX used the rotor synchronization technique to 
recouple the CSA. Generally, the recoupling of CSA is achieved by rotor-synchronized 
condition. The CSA under spinning can be expressed as[91], 
ω(t) = C1 cos(γ + ωRt) + C2 cos(2γ + 2ωRt) + S1 sin(γ + ωRt) + S2 sin(2γ + 2ωRt), 
Equation 3.13 
Where the C1, C2, S1 and S2 are dependent on the CSA and the angles. 
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and the phase factor during an interval (ta; tb) can be express as, 
           ∫       
  
  
 
Equation 3.14 
So the 180° pulses under every 1/2tR period will result in non-vanish component of C1 
and S1. 
And the total signal is calculated as, 
S = 〈    
 
 
      
 
 
      〉 
Equation 3.15 
For CODEX, in N/2 rotation periods, the spins evolve under the anisotropic chemical 
shift, which is recoupled by two 180° pulses per rotation period tr.[92] The magnetization 
is stored along the z-direction, so that it does not dephase during the mixing time. If no 
motions were happened during mixing time, the chemical-shift evolution under the 
recoupled chemical-shift anisotropy is refocused, where     . The signal remains. If 
segmental reorientation happened during the mixing time, the orientation will change and 
can not be completely refocused, where       and decay would be observed. The 
detected intensity drop can tell the molecular dynamics. The CODEX also considered the 
relaxation effect which is shown in Figure 3.17. Two 
13
C spectra are shown in Figure 
3.17 with exchange spectrum on top and reference spectrum on the bottom. The exchange 
and reference spectra have the same pulse length but different tm which calibrates the 
relaxation effects. 
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Figure 3.17 
13
C CODEX exchange and reference spectra. Reproduced with permission 
from Ref. [90]. Copyright 1999, American Chemical Society. 
 
The idea of CODEX is designing two pulse with the same length in which the sample 
itself can be the reference to eliminate the heterogeneity in relaxation process. The first 
pulse experiment is the exchange spectrum which obtains the dynamics information and 
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the relaxation information. The second pulse, by setting the exchange window to 
minimum, contains no dynamics information, but only the relaxation information. By 
combining the two experiments, the pure information from the dynamics process can be 
obtained. Through CODEX experiments, the molecular reorientation angle and the 
dynamics frequency can be obtained. 
 
 
Figure 3.18 Pulse sequence for CODEX experiment. Reproduced with permission from 
Ref. [90]. Copyright 1999, American Chemical Society. 
 
3.4.4 Double quantum NMR 
The double quantum NMR studies the dipolar coupling strength of the neighborly 
13
Cs. 
As the probability to find 
13
C neighborly pairs is quite low in natural abundance system, 
the selective 
13
C enrichment must be performed to give observable signal level as well as 
provide contrast with the natural abundance sample. Among various magnetic 
interactions, dipolar interaction which is proportional to the 1/<r>
3
 under ideal 2 spin 
system, where <r> is inter-nuclear distance, has been successfully used to investigate 
chain packing and conformations of synthetic polymers,[93] molecular interactions in 
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self-assembly systems,[94-96] and three dimensional structure of small peptides as well 
as even large proteins.[97] Figure 3.19 shows the energy state for two 1/2 spins under 
external field. The single quantum stands for changing the energy state for only one of 
two spins. The double quantum and zero quantum will change the energy sate for both 
two spins which is shown in Figure 3.19. The double quantum cannot be generated 
without the dipolar couplings. Through double quantum experiment, the dipolar coupling 
strength can be obtained. The number and position of the neighbor 
13
C spins will 
influence the dipolar coupling strength and will influence the DQ results. 
 
80 
 
 
Figure 3.19 Energy levels in two 1/2 spins system and the illustration for single quantum, 
double quantum, and zero quantum. 
 
In order to obtain the high resolution NMR, the MAS will also suppress the dipolar 
interactions which need to be recoupled by carefully designed pulse sequences. I’ll 
introduce how to excite the double quantum signal through POST C7 pulse sequences. 
Figure 3.20 shows the illustration of the DQ experiment. [98] The amplitude of DQ 
signals as function of excitation time which is called build up curves are used to extract 
the dipolar coupling constants. 
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Figure 3.20 The format of double-quantum filtered experiments for the measurement of 
dipolar couplings in homonuclear spin systems. Reproduced with permission from Ref. 
[98]. Copyright 2007, John Wiley & Sons, Inc. 
 
In practice, several recoupling pulse are available, such as DRAWS, POST-C7, 
HORROR and SPC-5. [99] In our experiments, we used the POST C7 pulse to excite the 
double quantum signals. Here, I’ll introduce the pulse sequence of POST C7 used in this 
dissertation. POST C7, Permutationally Offset Stabilized C7, is a improved pulse 
sequence of C7. The pulse sequence is shown in Figure 3.21. [100] In the C7 pulse 
sequence, the basic pulse element (Cφ) is repeated at 2π/7. The sequence is rotor 
synchronized at two rotations to vomplete the C7 pulse. The first order CSA will be 
suppressed by choosing N ≥ 7. In the basic C7 pulse sequence, the Cφ is two pulse with 
opposite phase (2π) φ (2π) φ+π which can also be written as   
  ̅. The POST C7 is an 
improved version of C7 with Cφ =   
   ̅̅̅̅ . The POST C7 further improved the tolerance for 
chemical shift offsets and rf inhomogeneity. 
82 
 
 
 
Figure 3.21 Timing scheme for a CN pulse sequence consisting of N concatenated 
elements and the pulse sequences for the CP double quantum CN and POST-CN 
experiments. Reproduced with permission from Ref. [100]. Copyright 1998, AIP 
Publishing LLC. 
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3.5 Strategy for Determining the Chain-Folding Structure Using SS-NMR 
13
C-
13
C DQ NMR relies on the dipolar coupling strengths of interacted 
13
C spins, which 
are determined by the 
13
C-
13
C internuclear distance, spin topology, and the interacted spin 
number.[101-103] When the 
13
C labeled chains are isolated from the other labeled ones 
and polymer chains adopt adjacent re-entry structure, 
13
C-
13
C dipolar interactions 
between adjacent folded stems can be evaluated by a 
13
C-
13
C DQ buildup curve and spin-
dynamics simulation.[101-103]  
In order to evaluate 
13
C-
13
C dipolar interactions between adjacent folded stems, only the 
CH3 carbon was enriched by 
13
C. The average successive chain-folding number (<n>) 
and CF fraction (<F>) were introduced to analyze the experimentally obtained DQ 
buildup curve. Chain trajectory of the jth chain in one lamella was schematically 
illustrated in Scheme 3.1, where the chain locally adopts adjacent re-entry clusters. For 
example, 1st and 2nd clusters have 5 and 3 adjacent folds, respectively. Number of 
adjacent re-entry folds of the ith cluster of the jth chain is defined as nij. The term <n> 
can be expressed by an equation of <n> = ∑  
 
   
∑    
  
     ∑   
 
   , where lj is the 
number of CF clusters in the jth chain of total m chains. Fj is the fraction of the 
crystallized stems participating in the adjacent re-entry clusters in the jth chain. So, Fj is 
expressed as ∑        
  
       , where Nj is the total number of crystallized stems in the 
jth chain. <F> is an ensemble average of Fj which is expressed as  
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<F>   ∑      ∑        
  
      ∑   
 
   . 
Equation 3.16 
<F> is slightly different from <f> used in former NS works and the introduction,[12-14, 
104] where fj corresponds to  ∑    
  
       , and <f> is calculated as ∑  
 
   ∑    
  
     
∑   
 
   . If we consider a single distribution of the folding number, f can be converted by 
    
 
   
 . DQ buildup curves are determined in terms of the re-entrance sites, <n>, and 
<F> values.  
 
 
Scheme 3.1 Schematic illustration of chain-folding structure of jth chain in one lamella. 
nij means number of adjacent re-entry folds of the ith cluster of the jth chain. 
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CHAPTER IV 
 EXPERIMENTS 
 
4.1 Sample preparation 
We have investigated the chemical structure influences on the packing structures and 
molecular dynamics in iPP as well as the chain folding structures on iPP under largely 
different suppercooling. In this chapter, I’ll explain the procedure of synthesis and 
preparation of the iPP samples. 
 
4.1.1 Polymerization 
All the Ziegler-Natta samples were polymerized with heterogeneous MgCl2-supported 
catalysts. Triethylaluminium and alkoxysilanes were used as co-catalysts. All 
manipulations were performed under a nitrogen atmosphere. The nonlabel samples were 
polymerized in liquid propylene. Together with the mixture of a catalyst and the co-
catalysts, liquid propylene and hydrogen were fed into a stainless steel autoclave at room 
temperature. Then the autoclave was heated to a polymerization temperature chosen from 
70-80 °C and kept in the temperature for 1 - 2 hours with stirring. The reaction was 
stopped by venting the monomers. Catalyst system, polymerization temperature, and 
hydrogen concentration were properly chosen to obtain the samples with different 
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isotacticity and Mw as listed in Table 4.1. The label samples were polymerized in hexane 
solution, where the labeled ratio was controlled by the ratio of 13CH3 monomers. 15 % 
and 50 % 13CH3 label samples were obtained. Dehydrated hexane was introduced to a 
glass flask and heated to 50 °C with stirring. A mixture of catalyst and co-catalyst was 
added in hexane, then a mixture of unlabeled propylene gas, 13C CH3 labeled propylene 
gas, and hydrogen was fed continually into the flask for 150 min. The reaction was 
stopped by removing hexane and the polymer was washed with isobutyl alcohol three 
times to remove the catalyst residue. In order to remove the portion of atactic PP, the 
obtained all samples were dissolved in hot xylene and the insoluble portions at 25 °C 
were recovered to use for the study. Stereoregularity of the samples dissolved in 10 % 
(w/v) solutions of 1,2,4-trichlorobenzene with benzene-d6 was characterized by 13C 
solution-state NMR using a JEOL LA-400 spectrometer with a resonance frequency of 
100 MHz at 120 °C. Mws and their distributions were measured by using a Polymer Labs 
PL-GPC220 equipped with three mixed-bed columns (Showa Denko Shodex) at 145 °C. 
1,2,4-Trichlorobenzene was used as mobile phase and the flow rate was kept at 1.0 
ml/min. 
 
4.1.2 Crystallization 
Each iPP sample was packed in a glass tube, which was then sealed to prevent oxidation 
at elevated temperatures. iPP samples were first melt at 200 °C for 20 min. and 
crystallized at different Tcs of 110, 120, 130, 135, 140, 145, 150, and 155 °C for 4, 4, 24, 
24, 48, 48, 720, and 960 hours, respectively. Note that each crystallization time is longer 
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than the reported crystallization time.[4, 6, 42, 67, 105, 106] The crystallinity was 
obtained by 13C direct polarization (DP) MAS NMR spectrum of CH resonance at 100 °C 
and onset melting temperatures were investigated by DSC. Full-limit disorder sample was 
prepared by melt and quenched into icy water and followed by annealing at 100 °C for 2 
hours (MQ sample) or at a lower Tc of 100 ºC for 24h. 
 
4.1.3 Sample Blending 
The label sample and nonlabel sample were blended at blending ratio (r) at 100 %, 50 % 
and 10 %. The blending was carried out by dissolving the label and nonlabel sample in 
the boiling p-xylene and precipitation in methanol. The blended samples were 
crystallized into alpha1 and alpha2 forms using condition provided in former section. 
 
4.2 Characterization 
The techniques used in characterization of the iPP were detailed explained in this chapter, 
such as DSC, Small Angle X-ray Scattering (SAXS), and SS-NMR . 
 
4.2.1 DSC 
DSC was taken in TA Instruments Model Q2000 with temperature carefully calibrated. 
The heating and cooling rates were controlled at 10 °C/min with sample around 5 mg. 
Liquid nitrogen was used for a controlled cooling process. Temperature and heat flow 
were calibrated by standard materials. Argon was applied to prevent thermal degradation. 
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4.2.2 SAXS 
SAXS experiments for the PP samples were performed at the beamline 27C at the 
National Synchrotron Light Source (NSLS, Upton). A MAR CCD detector (Rayonix, 
L.L.C.) was used to obtain 2d images. The details of the experimental set-up have been 
described elsewhere.[107] All the SAXS measurements were conducted at room 
temperature (20 °C) in air. Since the SAXS scattering patterns were isotropic, the 
scattering profiles were integrated over the azimuthal angle after corrections for air 
scattering and incident beam intensity fluctuations and converted into 1D profiles to 
further analyze the data.  
 
4.2.3 Solid-state NMR (SS-NMR) 
In this part, I’ll introduce the SS-NMR techniques used in this dissertation to characterize 
the iPP during my dissertation. 
 
4.2.3.1 CP and DP MAS NMR 
SS-NMR experiments were carried out by Bruker Avance 300 MHz NMR equipped with 
a 4 mm double resonance VT CPMAS probe. The 1H and 13C carrier frequencies are 
300.1 and 75.6 MHz, respectively. The MAS frequency was set to 4000 ± 3 Hz. The 
chemical shift was referenced to the CH signal of adamantine (29.46 ppm) as an external 
reference. The 90° pulses for 1H and 13C were 4.5 - 5.0 μs. The recycle delay and cross-
polarization (CP) time were 2 s and 1 ms, respectively. High-power Two Pulse Phase 
Modulation (TPPM)[62] decoupling with a field strength of 110 kHz was applied to 1H 
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channel during an acquisition time of 150 ms. T1ρH filter was applied for selective 
observation of pure crystalline signals for iPP. T1ρH filter with a time of 8 ms under a 
spin-locking (SL) field strength of 55 kHz was used for a selective observation of the 
pure crystalline signals. DPMAS spectrum was obtained at 100 °C to determine 
crystallinity of iPP.[43] The recycle delay was set to 200 s for full relaxation of 13C CH 
magnetizations to thermal equilibrium states. High power TPPM decoupling with a field 
strength of 62.5kHz was applied to 1H channel during an acquisition time of 80 ms. 
Temperature inside of NMR probe was carefully calibrated using the temperature 
dependence of 207Pb chemical shift of Pb(NO3)2.[108] 
 
4.2.3.2 CODEX 
CODEX was applied to detect molecular dynamics in slow dynamic range of 10-2 - 103 
Hz.[90] In the CODEX experiments, chemical shift anisotropy (CSA) is recoupled by a 
series of 180° pulses in two evolution periods which are separated by a mixing time, tmix. 
When correlation time <τc> of motion is much longer than dynamic window, two 
evolution periods completely refocus original magnetizations at the end of second 
evolution period. If a mixing time is enough long to allow reorientations of the 
molecules, magnetization evolution under different CSA orientations in two evolution 
periods leads to dephasing of the magnetizations at the end of the second evolution period 
and leads to the decay of signal intensity. The decaying degree is affected by size of CSA, 
<τc>, dynamic geometry, and the available site number for molecular dynamics. In 
addition, relaxation of T2 and T1 during evolution and mixing periods, respectively also 
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result in the decay. To calibrate the T1 and T2 relaxation effect, a reference spectrum (S0) is 
obtained by interchanging tmix with tz, where tz, was set to one rotation period (tr) of 
MAS. CODEX data was acquired under a MAS frequency of 4000 ±   Hz, 1H rf. field 
strength of continuous wave (CW) decoupling during 13C 180° pulse in the evolution 
time, and TPPM decoupling during detection was set to 100 kHz. During the remaining 
evolution period, CW decoupling with a strength of 86 kHz was applied. Evolution time 
for CSA was set to 2 ms. The mixing time was varied from 0.25 to 2000 ms. The 
reference and exchange spectra were obtained alternatively during 128 scans, to avoid 
time fluctuation of NMR spectrometer instability. Each spectrum was accumulated by 
1280 scans. Typically, one tmix dependence experiment takes 36 hours.  
 
4.2.3.3 CHHC 
The 90 ̊ pulse lengths for 1H and 13C were 2.5 - 4.5 μs. The recycle delay and cross-
polarization (CP) time were 2 s and 0.3 ms, respectively. 1H TPPM decoupling with a 
field strength of 100 kHz was applied during t1 and acquisition. 2D CHHC spectra were 
acquired in State TPPI mode. Sampling points in t1 and t2 are 100 and 256, respectively. 
Maximum evolution time along t1 is 40 ms. 
1H spin-locking filter with a field strength of 
55 kHz for 8 ms was applied to suppress the amorphous signal before signal detection. 
Spin-diffusion time (tSD) was varied from 0.3 ms to 1 s. Experiment time ranges from 15 
to 22 hours depending on tSD. 
13CH3 enriched sample (F) was used in CHHC experiments 
(see Table I). 
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4.2.3.4 Double Quantum (DQ) NMR 
The MAS frequency was set to 5102 Hz for DQ NMR. High power TPPM and CW 
decoupling of 110 kHz were applied to 1H channel during acquisition and recoupling, 
respectively, of the DQ signals. POST C7 sequence[100] was applied for exciting 13C-13C 
DQ signals and the DQ excitation field strength was set to 35.7 kHz. The sample volume 
was limited to 12 μL with a fixed spacer to avoid rf. imperfection. The cross polarization 
(CP) contact time and recycle delay were set to 500 μs and 2 s, respectively. The 
relaxation (T1ρH) filter under a 
1H spin-locking field strength of 62.5 kHz for 8 ms was 
applied to suppress the amorphous signals to the single quantum (SQ) and DQ spectra in 
this study. 
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Table 4.1 Chemical characteristics, melting temperature, and crystallinity of iPP samples. 
a) Tm was obtained for the samples at Tc = 150 °C. 
b) Crystallinity was obtained using line-shape analysis of the CH resonances of 
13
C 
DPMAS spectrum at 100 °C.[43] 
 
4.3 Sample preparation of chain folding in isotactic polypropylene 
In this part, I’ll introduce the sample preparation for the iPP, including the synthesis and 
crystallization of iPP sample in bulk. 
 
Sample <mmmm> 
Mn  
/kg/mol 
Mw  
/kg/mol 
PDI 
Tm onset  
/°C 
b)
 
Tm  
/°C
 a) 
Crystallinity  
/% 
b) 
A 99.4% 38 207 5.4 163.8 180.6 82 
B 97.3% 37 186 5 162.2 181.1 79 
C 91.0% 40 207 5.2 164.8 176.2 63 
D 97.6% 173 982 5.6 164.4 179.9 73 
E 98.4% 14.7 58.7 4 165.1 173.2 86 
F 99.0% 31 171 5.6   76 
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4.3.1 Materials 
15 % 
13
CH3 labeled and nonlabeled iPP used in this chapter were synthesized using 
heterogeneous MgCl2-supported catalysts with cocatalysts of triethylaluminum and 
alkoxysilanes.[29] All manipulations were performed under nitrogen atmosphere. For 
nonlabeled iPP, together with the mixture of catalysts and cocatalysts, liquid propylene 
and hydrogen were fed into a stainless steel autoclave at room temperature. Then the 
autoclave was heated to a polymerization temperature of 70 ºC and kept for 2 h while 
stirring. The reaction was stopped by venting the monomers. The 15.1 % 
13
CH3 labeled 
sample was polymerized in hexane solution. Dehydrated hexane was introduced to a 
glass flask and heated to 50 ºC with stirring. A mixture of catalysts and cocatalysts was 
added in hexane, and then a mixture of unlabeled propylene gas, 
13
C CH3 labeled 
propylene gas, and hydrogen was fed continually into the flask for 150 min. The reaction 
was stopped by removing hexane, and the polymer was washed with isobutyl alcohol 
three times to remove the catalyst residue. In order to remove the portion of atactic PP, 
all samples were dissolved in hot xylene, and the insoluble portions at 25 ºC were 
recovered for use for the study. Stereoregularity of the samples dissolved in 10 % (w/v) 
solutions of 1,2,4-trichlorobenzene with benzene-d6 was characterized by 
13
C solution-
state NMR using a JEOL LA-400 spectrometer with a resonance frequency of 100 MHz 
at 120 ºC. Weight-average molecular weights <Mw> and PDI were measured by using a 
Polymer Laboratories PL-GPC220 equipped with three mixed-bed columns (Showa 
Denko Shodex) at 145 ºC. 1,2,4-trichlorobenzene was used as the mobile phase, and the 
flow rate was kept at 1.0 mL/min. Detailed chemical characteristics are listed in Table 4.2. 
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Different blending ratios of 100 % (labeled : nonlabeled iPP = 10 : 0), 50 % (or 5 : 5) and 
10 % (or 1 : 9) of 
13C labeled sample was used in both α1 and α2 samples. 
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Table 4.2 Stereoregularity (<mmmm>), weight-average molecular weight (<Mw>), PDI, 
and 
13
C labeling ratio of the iPP samples used in this study. 
Sample <mmmm> / % <Mw> / kg/mol PDI 
13
CH3 ratio / % 
13
C labeled 98.9 172 5.6 15.1 
nonlabeled 99.0 169 5.7 1.1 
 
Table 4.3 Crystallinity, α2 fraction, melting temperature (Tm), and <nmin> of the iPP 
samples crystallized at 100 and 150 ºC. 
Tc / ºC Crystallinity / % α2 fraction / % Tm / ºC <nmin> 
100 76 0 162.2 5
a)
 
150 85 57 180.5 5
b)
 
<nmin> was obtained by assuming a) average cluster and b) bilayer models (see main text). 
 
4.3.2 Crystallization Conditions 
All samples were sealed into the glass tubes under vacuum to protect the sample from 
decomposition at high temperatures. The α2 sample was prepared by keeping the melt 
state at 220 ºC for 20 min and subsequently crystallized in another oil bath controlled at 
150 ºC for 40 days. The α1 sample was prepared in the same way as the α2 sample except 
for a condition of lower Tc of 100 ºC for 24h. 
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4.4 Characterization of the chain folding in isotact polypropylene 
SS-NMR experiments were carried out on BRUKER AVANCE III 300 equipped with 4 
mm double resonance probe at 25 ºC. The carrier frequencies of 
1
H and 
13
C channels 
were 300.1 and 75.5 MHz. The MAS frequency was set to 5102 Hz. High power TPPM 
and CW decoupling of 110 kHz were applied to 
1
H channel during acquisition and 
recoupling, respectively, of the DQ signals. POST C7 sequence[100] was applied for 
exciting 
13
C-
13
C DQ signals and the DQ excitation field strength was set to 35.7 kHz. The 
sample volume was limited to 12 μL with a fixed spacer to avoid rf. imperfection. The 
cross polarization (CP) contact time and recycle delay were set to 500 μs and 2 s, 
respectively. The relaxation (T1ρH) filter under a 
1
H spin-locking field strength of 62.5 
kHz for 8 ms was applied to suppress the amorphous signals to the single quantum (SQ) 
and DQ spectra in this study. Prior to the NMR experiments for the iPP samples, we 
measured the DQ curve of 2, 3 -
13
C2 l-alanine blends with nonlabeled alanine. In our 
study, the DQ buildup curve and spin-dynamics simulation determined the internuclear 
distance of 1.50 ± 0.05Å with a 
13
C rf field strength of 40. 0 kHz under a MAS frequency 
of 5714 Hz, which is well consistent with the reported value of 1.51 Å using the same.[99]  
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CHAPTER V 
 SOLID-STATE NMR CHARACTERIZATION OF THE CHEMICAL DEFECTS AND 
PHYSICAL DISORDERS IN ΑLPHA FORM OF ISOTACTIC POLY(PROPYLENE) 
SYNTHESIZED BY ZIEGLER-NATTA CATALYSTS 
 
5.1 Introduction 
In this chapter, local packing disorders, defects, and molecular dynamics of ZN iPP 
samples having various Mws (50.7 - 982 kg/mol) and stereoregularity (<mmmm> = 91.0 - 
99.4 %) are investigated using SS-NMR spectroscopy.[29] The background for chain 
packing in iPP was introduced in Chapter II. 
 
5.2 Results 
From here, I’ll introduce the results for the chain packing in iPP. The detailed 
experimental procedures were explained in the former Chapter IV. 
 
5.2.1 Crystallization and Crystallinity 
DSC measurement is a simple means to check whether the samples are completely 
crystallized at given Tcs or not. Figure 5.1 illustrates first and second DSC melting curves 
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of the A and E samples crystallized at 150 °C (first scan) and crystallized during cooling 
by a cooling rate of 10 °C/min (second scan), respectively. For The A sample, it shows a 
high onset melting temperature (Tm, onset) of 163.8 °C and melting peak at 180.6 °C. On 
the other hand, the A sample crystallized during the cooling process shows Tm = 162.5 °C. 
At Tc = 150 °C, if major part of the sample crystallizes during cooling, the sample would 
show such a low Tm. DSC results indicate that the A sample was fully crystallized at 
150 °C and denies secondary crystallization during a cooling process. DSC results of All 
the samples crystallized at 150 °C are listed in Table 1, which show high Tm onset and Tm 
(see Table 1). These results prove that our crystallization time is long enough to fully 
crystallize all samples at 150 °C and deny secondary crystallization during a cooling 
process. Melting enthalpy, ∆H has been used for determination of crystallinity of iPP 
samples. Reported ∆H values for 100 % crystallinity, however, are scattered between 137 
and 221 kJ/mol.[109] Thus, crystallinity determined by DSC highly depends on the ∆H 
value. In this chatper, 
13
C high-resolution NMR is used for determination of the 
crystallinity. Figure 5.2 shows the 
13
C DPMAS NMR spectrum of the A sample at Tc = 
150 °C measured at 100 °C. Signal assignments of the NMR signals are also inserted.[30, 
43, 44] Among three carbon signals groups, the CH resonances provide the crystalline 
signal separated well from the amorphous one. Line-shape fitting using Lorentizan peaks 
to the CH signals provides a crystallinity of 82 %. The crystallinity of all the samples 
determined by 
13
C DPMAS is listed in Table 1. Both increasing stereoregularity and 
decreasing Mws lead to higher crystallinity. Among the samples, the lowest Mw sample 
provides the highest crystallinity of 86 %. The crystalline structures of the A-F samples 
are further investigated using SS-NMR spectroscopy.  
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Figure 5.1 First (blue and red curves) and second DSC melting curves (black) of the A 
and E samples crystallized at 150 °C with heating and cooling rates of 10 °C /min. 
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Figure 5.2 
13
C DPMAS spectrum of the A sample crystallized at 150 °C, measured at 
100 °C with a recycle delay of 200 s. The red curves being best fitted to the experimental 
data of the CH signals. 
 
5.2.2 13C CPMAS Spectra 
Figure 5.3 (a) depicts 
13
C CPMAS NMR spectrum of the α form of the A sample 
crystallized at 135 °C. The NMR signals are dominated by the crystalline region at 
ambient temperature because the amorphous signals are very broad and small, because of 
low CP efficiency due to high mobility (Tg ≈ 0 °C). To properly evaluate disordered 
signals in the crystalline regions, broad and small amorphous signals must be completely 
eliminated. The crystalline and amorphous signals have different T1ρH values due to 
largely different mobility.[28, 67] In samples investigated in this chapter, amorphous 
ones show short T1ρH values of ca. 4 ms, while the crystalline ones have much long T1ρH 
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ones of 40 - 150 ms (see below). Thus, a T1ρH relaxation filter is used to suppress the 
amorphous signals. Additionally, further linear combinations[67] of two CPMAS spectra 
with and without T1ρH filter shown in Figure 5.3 (b) and (a), respectively lead to pure 
amorphous and pure crystalline spectra shown in Figure 5.3 (c) and (d), respectively. The 
former is obtained by subtracting the 1.04-folds of the T1ρH filter spectrum from that 
without the filter. Also, the latter is obtained by subtracting the 0.2-folds of pure 
amorphous spectrum from the T1ρH filtered spectrum which is the crystalline-rich 
spectrum. Same procedures were applied to all the samples studied in this chapter. 
 
Figure 5.3 
13
C CPMAS NMR spectra without (a) and with (b) a T1ρH filter of the sample 
A crystallized at 135 °C and pure amorphous (c) and pure crystalline (d) obtained by 
linear combinations of no filter and filter spectra. 
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Figure 5.4 illustrates 
13
C CPMAS NMR spectra for the pure crystalline region of the A 
sample crystallized at different Tcs as well as the MQ sample, and unit-cell structures of 
α1 and α2. The α2 structure is a full-limit order with respect to orientations of methyl 
groups, where, the R and L handed stems within one bilayer along a* axis points out the 
same directions of upward or downward. On the other hand, in α1 the methyl groups 
randomly orient (full-limit disorder). Therefore, the MQ sample gives very broad and 
featureless signals for all the signals. At Tc = 110 °C, small doublet signals corresponding 
to the α2 signals[28, 30] superimpose on the broad α1 signals. Intensities of the α2 signals 
with 2:1 ratio increase with elevating Tcs.[28] This observation is well consistent with 
former XRD and NMR results.[28, 30, 58, 59, 61] Under a strong TPPM decoupling, 
ordered signals give much sharper signals than ones obtained by traditional CW 
decoupling,[30, 43, 44] while disordered α1 still leaves similar ones. Thus, sharp contrast 
between the α2 and the α1 line shapes allows us to easily evaluate intermediate states 
between the two limiting structures. To evaluate the α2 fraction, peak heights of 
individual ones were normalized using the minimum intensity of valley of the doublet 
CH2 signals, which give the highest resolution among the three different carbon signals. 
A series of spectra clearly indicates that disordered α1 signals at the bottom of the α2 ones 
still survive even at high Tcs ≥ 150 °C. Namely, disordered α1 component never 
disappears in our crystallization conditions. This observation is well consistent with our 
previous reported work.[28] Assuming linear combinations of two limiting structures, the 
α2 signals are extracted by subtraction of the α1 line shapes from the mixed ones. Then, α2 
fractions at given Tcs are determined by integration of peak area of the CH2 signals after 
separation of α1 and α2 forms. A maximum α2 fraction is determined to be 66 % at Tc = 
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155 °C. Detailed discussion on temperature dependence of α2 fraction will be given with 
other samples later. 
 
Figure 5.4 
13
C CPMAS NMR spectra of pure crystalline signals of the Sample A at 
various Tcs from 110 to 155 °C and the MQ sample, and unit-cell structures of α2 and α1.  
 
5.2.3 Stereoregularity Effects on Order-Disorder Packing 
As mentioned already, stereoregularity significantly influences crystallinity when the 
samples are crystallized at high Tcs. Here, stereoregularity effects on chain-packing 
structures are investigated. Figure 5.5 shows isotacticity effects on α2 fractions of the A - 
C samples as a function of Tc. The A - C samples have similar Mws (Mw = 186 - 207 
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kg/mol) and different stereoregularity (<mmmm> = 91.0 - 99.4 %). Three samples show 
identical temperature dependence of α2 fraction at Tcs lower than 130 °C. While at Tcs > 
130 °C, higher isotacticity samples favor formation of larger amounts of the ordered 
structures. As examples,
 13
C CPMAS NMR spectra of the pure crystalline regions for the 
A - C samples crystallized at Tc = 155 °C and the MQ sample as a reference of the α1 line 
shape are inserted into Figure 5.4. These spectra clearly indicate that higher isotacticity 
samples favor larger α2 fractions at such a high Tc. Temperature dependence of α2 fraction 
in the A - C samples indicates that kinetics governs structural formation of chain packing 
in the crystal at temperatures lower than 130 °C, where chemical structure does not 
influence the structures. Effects of stereoregularity, gradually dominate formations of the 
ordered packing structure with increasing Tc > 130 °C, where higher isotacticity samples 
always give higher α2 fractions. The A, B, and C samples give maximum α2 fractions of 
66, 52, and 47 %, respectively, at Tc = 155 °C. Highest isotacticity sample gives a large 
increase in the α2 fraction from 56 % at Tc = 150 °C to 66 % at 155 °C. Thus, it is 
expected that higher isotacticity samples prefer larger α2 fractions at further high 
temperature ≥ 155 °C. However, experiment at further high temperature was not 
performed due to a long crystallization time. On the basis of current results, it is 
concluded that stereoregularity plays important roles for selections of chain-packing 
structures in α form of iPP as well as crystallinity, however, a full-limit order is not 
achieved in available Tcs. 
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Figure 5.5 Stereoregularity effects on α2 fraction of the A-C samples as a function of Tc. 
(See details in Table 4.1). 
13
C CPMAS NMR spectra of pure crystalline region of the A-C 
sample at Tc = 155 °C and the MQ being inserted. 
 
5.2.4 Mw Effects on Order-Disorder Packing 
Chain entanglements during crystallization process may also influence local packing 
structures of α form as a function of Tc. Here, Mw (58.7 - 982 kg/mol) effects on order-
disorder phenomenon are investigated using the B, D, and E samples with similar 
isotacticity and PDI. Figure 5.6 depicts Mw effects on α2 fraction at various Tcs and 
typical spectra of the A-C samples at Tc = 150 °C. All three samples show very similar 
tendency of α2 fraction in whole Tcs. Namely, Mws (58.7 - 982 kg/mol) do not influence 
α2 fractions in all the Tcs investigated here.  
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Figure 5.6 Molecular weight effects on α2 fraction of the B, D and E samples as a 
function of Tc. (see details in Table 4.1). 
13
C spectra of the B, D and E sample at Tc = 
155 °C and the MQ sample being inserted. 
 
5.2.5 Chemical Partition 
Understanding of defect partition of the ZN sample with a high stereoregularity is 
challenging for characterization tools due to i) low natural abundance of 
13
C spins, ii) 
small defect concentration in samples (<mmmm> = 99.0 % in this chapter), and iii) 
expected small defect concentrations in the crystalline regions.[67] To overcome these 
problems, 
13
C CH3 50 % labeled iPP sample (F sample) is used in this study. Upper two 
spectra in Figure 5.7 (a) show 
13
C CPMAS spectra with and without a relaxation filter for 
the F sample at Tc = 150 °C. The lower two are pure amorphous and pure crystalline 
spectra obtained using linear combinations. Pure crystalline spectra of iPP crystallized at 
Tc = 150 °C and for the MQ sample which are vertically enlarged by 100-folds are shown 
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in Figure 5.7 (b). The α2 fraction for the high Tc and the MQ samples are 49 and ca. 0 %, 
respectively. For the MQ sample, a very small peak appears at 15 - 17 ppm. Chemical 
shift and line shapes of this peak are well consistent with those corresponding to chemical 
defects in former work.[67] Thus, the signal at 15-17 ppm is assigned to the defect. This 
observation indicates that the defects are incorporated into the crystalline region for the 
MQ sample. While the spectrum for the high Tc sample does not show corresponding 
signal. To quantitatively estimate defect partition in the crystalline region, the defect 
partition ratio is defined as  
 
PCR(defect) = [C(defect)]CR/[C(defect)]all         
Equation 5.1 
 
where C(defect)CR and C(defect)all mean concentrations of the defects in the crystalline 
region and in the whole iPP sample, respectively. The fraction of defects in the crystalline 
region is simply obtained by multiplying PCR by crystallinity. Even though the base line 
is not perfectly flat, peak-fitting analysis provides relative areas of the defect signal to the 
crystalline CH3 one under assumption of the same CP efficiency of the defect signal with 
that of the main one. For the MQ sample, [C(defect) ]CR is estimated to be 4 10
-4
. For the 
high Tc sample, the defect signal is estimated to be less than 8 10
-5
 from the noise level. 
[C(defect) ]all is obtained from solution-state NMR. Using eq. (1), the partition ratios for 
the high Tc and the MQ samples are determined to be less than 0.01 and 0.04, 
respectively. Namely, at high Tc, the defect structure is almost excluded from the 
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crystalline region (defect free crystal), while the MQ sample includes the defect fraction 
of ca. 2 %.  
 
 
Figure 5.7 a) 
13
C CPMAS NMR spectra without and with a T1ρH filter of the F sample at 
Tc = 150 °C and its amorphous and crystalline spectra obtained by the linear 
combinations. b) Vertically enlarged 
13
C CPMAS NMR spectra of the crystalline region 
of the F sample obtained by melt quench and annealed at 100 °C and isothermal 
crystallization at 150 °C. The arrow indicating defect signal at 15 -17 ppm. 
 
 
5.2.6 Spatial Correlation of α1 and α2 
Our experimental results clearly indicate that α1 and α2 structures co-exist at Tc ≥ 110°C. 
Various length scales of the ordered and disordered packing structures from packing level 
at several Å to lamellae one at several 10 nm are possible. Here, several models of spatial 
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connectivities between the α1 and α2 structures are considered. Figure 2.17 (a) shows a 
small cluster model[36] where individual triangles stand for the 31 helix of iPP in α 
crystals, where open and filled ones mean the α1 and α2 structures, respectively, where 
circled 2 - 4 stems make small domain structures within one bilayer consisting of R and L 
handed stem pairs along a* axis. This model is the smallest scale of spatial correlations 
between the α1 and α2 structures among possible structures. Corradini, et al. proposed 
another small scale structure of a bilayer model,[64] where a pair of two stems (R and L 
stems) along a* axis have same orientations in α2 while there are random orientations in 
α1. In this model, the neighboring bilayer has no correlation with the original one. In 
these two models having small domain sizes at several nm, spin diffusion rapidly reaches 
equilibrium. Figure 2.17 (b) shows the domain model, where the α1 and α2 regions form 
domain structures in the crystalline ab plane. This structure is similar to island-sea model 
proposed by Hikosaka and Seto.[27] Spin-diffusion behavior highly depends on the size 
of individual domain sizes. Figure 2.17 (c) shows the three phase model I, where lamellae 
(α1)-amorphous- lamellae (α2) structures have regularly stacked along c axis. In this 
regular model, amorphous layer is sandwitched by the α1 and α2 lamellae. Even in this 
model, spin diffusion between the α1 and α2 regions are indirectly possible after a certain 
delay depending on thickness of the amorphous and crystalline layers. However, this 
model may not be realistic in actual sample. Rather, real morphology may be produced 
via random mixtures of three phases I and II. In the latter, three phase structures 
consisting of lamellae occupied by the same packing structure, either α1 or α2, where α2 
lamellae no longer has spatial correlation with that of α1 (Figure 2.17 (d)). In a mixed 
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model of three phases I and II, final equilibrium intensity would be much smaller than 
that in three phase I.  
 
 
Figure 5.8 a) T1ρH relaxation curves of the α2 (□) and α1-rich (α1 + amorphous region (●)) 
of the A sample crystallized at 155 °C obtained at an ambient temperature. b) Tc 
dependence of T1ρH values of the α2 (■), α1 (○), and amorphous regions (▲) of the A 
sample.  
 
There are two ways to measure 
1
H spin diffusion. One is indirect spin-diffusion 
measurement using 
1
H spin-lattice relaxation time in the laboratory (T1H) and rotating 
frame (T1ρH),
24
 and another is direct spin-diffusion measurement. [67, 89, 110-120]
 
In 
abundant spin systems, apparent relaxation time is influenced by both molecular 
dynamics and spin diffusion, if individual components are spatially close to each other. 
Fast spin diffusion compared to relaxation time leads to consistent relaxation values 
between heterogeneous components. On the other hand, relatively slow spin diffusion 
leads to inconsistent relaxation values. Thereby, relaxation method provides a threshold 
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of the domain size in heterogeneous systems. Tc dependence of the T1ρH values in both α1-
rich and α2 components in intermediate states were obtained by peak deconvolution. The 
relaxation of the α1-rich component includes relaxations of both the α1 and amorphous 
ones. Figure 5.8 (a) shows relaxation curves of the α2 component (□), and α1 and 
amorphous components (●) of the A sample crystallized at 155 °C. The former was fitted 
using a single exponential function with a best fitted parameter of T1ρH = 153 ± 3 ms. The 
latter was fitted using double exponential functions corresponding to the amorphous one 
(T1ρH = 5 ± 2 ms) and the α1 region (105 ± 10 ms). Inconsistent T1ρH values between the 
α1 and amorphous regions are simply explained in terms of the sandwitch structures of 
crystal lamellae and amorphous regions. The T1ρH values of the α1 region is also not 
consistent with that of the α2 region. This implies insufficient spin diffusion between the 
two packing structures and structural heterogeneity at a length scale larger than several 
nm. Figure 5.8 (b) shows Tc dependence of obtained relaxation values of the amorphous 
region (▲), α1 (○) and α2 (■) of the A sample. With increasing Tcs, relaxation values of 
the crystalline regions increase while those in the amorphous region are almost constant. 
Temperature dependence of the T1ρH values can be reasonably explained in terms of 
increase of lamellae thickness with elevating Tcs. In whole Tcs, the T1ρH values of the α1 
region are shorter than those of the α2 regions. This means that spin diffusion between 
two packing structures are not sufficient. Under assumption of two components in the 
crystalline regions, domain size of α2 and α1 components is simply described in terms of a 
following equation:
53 
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dα2 (α1) = 
 
        
√                    
Equation 5.2 
 
where, dα2(α1) is the size of the α2 (α1) domain, and fα1 (α2) is the fraction of α1 (α2) 
component, and Deff is the effective diffusion coefficient between two domains,     is 
spin-diffusion time to reach the equilibrium. ε is structure dimensionality, which is based 
on the model of domain structure. Here, 2D spin diffusion corresponding to anisotropic 
domain model, which is illustrated in Figure 5.8 (b), is considered (see detailed 
discussion in direct spin diffusion later). Deff for the crystalline region of iPP at ambient 
temperature was reported as 0.7 nm
2
/ms.[67] Under a spin lock condition, Deff value is 
reduced to a half value of the normal D one, 0.35 nm
2
/ms. In relaxation method, τeq 
cannot be obtained from the relaxation measurements. In the case of insufficient spin-
diffusion condition, τeq is much longer than the short T1ρH value for two components (τeq >> 
T1ρH), corresponding to the α1 region in current case. Replacement of τeq by T1ρH provides 
a threshold of the minimum domain size. Thereby, the lower limit of the domain size for 
the A sample is estimated to be 27 nm at Tc = 155 °C. Temperature dependence of 
relaxation behaviors in the B and C samples are also investigated (see supporting 
information) and is very similar with the results of the A sample. Thus, similar threshold 
for the domain sizes is obtained for the B and C samples at high Tcs. 
Local heterogeneity is further investigated by direct spin diffusion using 2D CHHC 
sequence. Direct spin-diffusion measurements based on
 1
H T2,[110] chemical shift,[111] 
1
H-13C correlation techniques,[113] etc., have been widely used in the spatial correlations 
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of heterogeneous polymer systems such as semi-crystalline polymers, polymer blends, 
and block copolymers on the length scales from 1 - 200 nm.[89, 110, 112-120] These 
convenient techniques cannot be applied for spin-diffusion measurement for 
heterogeneous analysis inside of the crystalline regions, because small difference in 
packing structures does not result in large difference in stem mobility and essentially 
leads to the same 
1
H chemical shifts. Thus, these conventional 
1
H spin-diffusion 
techniques cannot be applied to the current sample.  
 
As shown above, 
13
C signals of α2 and α1 provide doublet narrow and structure less broad 
signals, respectively, in the same chemical shift range. In the case of intermediate 
structures between α1 and α2, two line shapes are overlapped with each other as shown in 
Figure 5.3 to Figure 5.5. Among three different 
13
C signals, the CH2 and CH3 signals give 
higher resolutions than the CH signal. The 
13
C signals at the minimum valley of the 
doublet signals of CH3 (CH2) group are dominated from the α1 signals. Thus, the spatial 
connectivity of different packing structures is, thus, investigated by 
13
C evolution and 
detection methods mediated via 
1
H spin diffusion, so called, CHHC[89] experiment 
including a T1ρH filter, which suppresses the amorphous signal and allows us to 
investigate selective spin diffusion between α1 and α2. Due to a low natural abundance of 
13
C, 1.1%, the triple CPs used in CHHC experiment gives 1% intensity comparing with 
that by regular CP method.[119] The second CP process from rare 
13
C spins to 
1
H ones 
leads to dramatic loss of sensitivity. Shmidt-Rohr et al.[119] developed multiple 
alternating depolarization sequence for unlabeled polymer and provided 4 times 
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enhancement compared to sensitivity obtained by the original CHHC. Even this pulse 
sequence is still challenging to evaluate 
13
C-13C correlations between the α1 and α2 
regions. To overcome sensitivity problem, selectively labeled 50% 
13
CH3 iPP sample (F), 
was used.  
 
 
Figure 5.9 a) Proton driven 
13
C-13C spin-diffusion spectrum for the MQ F sample with a 
spin-diffusion time of 0.16 ms at ambient temperature, slice data at 21.9 ppm, and sky 
projection. 2D CHHC spectrum of the F sample obtained by (b) MQ and (c) 
crystallization at Tc = 150 °C with tSD = 0.3 ms at ambient temperature.  
 
Before investigating 
1
H spin diffusion, 
13
C line shape of the disordered α1 structure is 
investigated using proton driven 
13
C-
13
C spin-diffusion experiment. Figure 5.9 (a) shows 
the T1ρH filter 2D proton driven 
13
C-
13
C SD spectra of the CH3 region for the MQ F 
sample with a spin-diffusion time of 0.16 ms at ambient temperature and corresponding 
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slice data (bottom) and normal CPMAS spectrum (top). 2D counter plot and comparisons 
of the slice data with the CPMAS one clearly indicates that only narrow diagonal 
component appears in the 2D spectrum, meaning that apparent 
13
C line shape is 
consisting of inhomogeneously broadened peaks due to different packing structures. 
Figure 5.9 (b) and (c) show the T1ρH filter 2D CHHC spin-diffusion spectrum of the α1 
and the α2-rich samples, respectively, with a spin-diffusion time of 0.3 ms at ambient 
temperature. For the α1 sample, 2D spectrum clearly shows the round shape. 
1
H spin 
diffusion sufficiently occurs between the different packing structures within tSD = 0.3 ms 
and two CP periods of 0.5 ms. For the α2-rich sample, there are clear cross peaks 
between the doublet signals. The slice date corresponding to the α2 signals give similar 
intensity ratio of the doublet signals with the normal 1D spectrum. This means that spin 
diffusion completely occurs within an intra-stem at a tSD and two short CP periods. At a 
further longer tSD time, spin diffusion from α1 to α2 and vice versa can be investigated 
using the α2-rich sample. The slice data at 22.1 and 22.4 ppm are used to probe spin 
diffusion form the α1 to α2 and vice versa, respectively. Right and left bottom spectra in 
Figure 5.10 (a) are initial spectra of the α2-rich and α1 signals at tSD = 0.3 ms, where 
insufficient spin diffusion provides two characteristic spectra. With increasing tSD, 
13
C 
line shapes of two spectra largely change. Figure 5.10 (b) shows plots of normalized α2 
signal areas (Iα2) relative to total crystalline areas (Itotal) as a function of tSD. The decaying 
(■) and increasing signal intensities (○) with increasing tSD correspond to the α2 areas 
from initially α2-rich and α1 slices, respectively. Figure 5.10 (b) shows a linear buildup 
curve of Iα2/Itotal at short tSD of 1 - 100 ms and a plateau at a long tSD >100 ms. By linear 
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extrapolation, √    was determined to be 10.6   
 
 . From Figure 5.10 (b), by linear 
extrapolation of initial buildup curve, both data demonstrate spin diffusion between α1 
and α2 regions reach quasi equilibrium states at an available tSD = 112 ms. The α2 fraction 
determined by 
13
C CPMAS NMR spectrum is 50 % in the F sample, which is slightly 
higher and lower than the α2 fraction obtained by spin-diffusion experiments at a longer 
tSD time > τeq from the α1 (46 %) and α2-rich (51 %) structures, respectively, at initial 
states. The final intensities indicate that most of the α1 structures spatially connect with 
the α2 structures in whole samples. Two experimental results of i) linear buildup of spin-
diffusion intensities without any delay time and ii) well mixed α1 and α2 structures 
support direct spin diffusion between them within crystallographic ab plane. Also, direct 
spin-diffusion process is supported by long period obtained by SAXS. Figure 5.11 shows 
SAXS profile for the F sample crystallized at Tc = 150 °C. The SAXS result shows the 
two scattering peaks at q = 0.205 and 0.411 nm
-1
, corresponding to the 1
st
 and 2
nd
 order 
scattering maxima from the lamellar structure formed in the sample. The lamellar 
thickness was estimated by long period and the volume fraction of crystallinity.[121] The 
long period and lamellar thickness are calculated to be 30.7 and 22.8 nm, respectively. 
This large size denies indirect spin-diffusion process as a major spin-diffusion source. 
Using eq. (2) with ε = 2 corresponding to 2D spin diffusion and Deff = 0.7 nm
2
/ms,[67] 
the average domain sizes are resultantly calculated to be 40 nm. This size is comparable 
with individual crystal sizes of 20 - 30 nm at high Tc[27, 36] obtained by Scherrer’s 
equation in XRD analysis. This means that each crystal is occupied in terms of either α1 
or α2 structure at high Tc. Both direct and indirect spin-diffusion results indicate that the 
α1 and α2 structures make large domain structures at several 10 nm scale at high Tcs. 
117 
 
Auriemma et al. suggested that α2 fraction reaches 90 - 95 % at very high Ta and the 
remaining minor α1 structures are locally distributed along the b axis. Current spin-
diffusion results clearly reject small cluster and bilayor models. This is also confirmed by 
simple 1D line shape. If actual crystals consist of locally mixed structures such as small 
cluster and bilayer structures, there are a lot of interfaces between the α1 and α2 regions. 
Such large interfacial structures no longer explain Tc dependence of 
13
C line shapes in 
terms of weighting two limiting models.  
 
Figure 5.10 a) 
13
C slice data at 22.1 ppm (left) and at 22.4 ppm (right) of 2D CHHC 
spectra of the F sample at Tc = 150 °C with tSD = 0.3, 10, 100, 500, and 1000 ms at 
ambient temperature. (b) tSD dependence of α2 signal areas in left (○) and right (■) data 
set of slice data in (a). 
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Figure 5.11 SAXS data for the F sample crystallized at Tc = 150 °C.  
 
5.2.7 Molecular Dynamics 
CODEX is a powerful tool in studying slow molecular dynamics of complex molecules 
in the correlation time of 10
-3
 - 10
2
 s in natural abundance.[90] In our previous reported 
work, Tc effects on stem dynamics in α form was investigated by CODEX.
24
 It was 
clearly demonstrated that stem dynamics in α1 prepared at low Tc gives faster dynamics 
by 32-folds than that in α2-rich sample obtained at high Tc at the same temperature. Both 
lamellae thickness and packing structures highly depend on Tc.
12, 13
 Thus, large difference 
of stem dynamics was interpreted in terms of both packing structure and lamellae 
thickness. As shown already, stereoregularity influences packing structures of α form at 
the same high Tc e.g., 155 °C. Here, stereo-regularity effects on molecular dynamics in 
the crystalline region are investigated by CODEX. Figure 5.12 (a) shows a typical 
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CODEX exchange and reference spectra of the A sample crystallized at Tc = 155 °C with 
a tmix of 200 ms and an evolution time of 2 ms at 123 °C. An evolution time of 2 ms is 
sufficient to induce full decay of (S/S0) ratio of the CH2 and CH3 signals under helix jump 
motions. Figure 5.12 (b) shows tmix dependence of CODEX (S/S0) ratios of the CH3 
signals of the A (■), B (●), and C samples (▲) crystallized at Tc = 155 °C with an 
evolution time of 2 ms at 123 °C. Actually, CODEX decaying curves are superposition of 
two components of α1 and α2, however, simply was analyzed in terms of one component 
using apparent peak height. Best fitted curves to the experimental data were obtained by 
using a following empirical equation of 
 
(S/S0(tmix)) = 1-a(1-exp(-(tmix/<τc>)
β
))[90]         
Equation 5.3 
 
where a is related to the available dynamics sites of p using a = (p-1)/p, and β is the 
distribution parameter (0≤β≤1) For β = 1, <τc> can be described as a single value. The 
smaller β means a larger distribution of dynamic process.[122] The best fitted parameters 
are listed in Table 2. The best-fitted <τc> values for the A, B, and C samples are 82 ± 8, 
70 ± 16, and 24 ± 7 ms, respectively. Molecular dynamics becomes slowing down with 
increasing stereoregularity. The β values in the A sample (0.73 ± 0.04) is much larger 
than those of the B (0.46 ± 0.03) and C sample (0.45 ± 0.05). This means that molecular 
dynamics in the A sample is more homogeneous than the B and C samples. If all 31 
helical stems of iPP participate in molecular dynamics, an ideal a value of 0.66 will be 
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obtained. The a values of the A (0.69 ± 0.02) and B samples (0.66 ± 0.03) are well 
consistent with the ideal value, while the C sample shows the smaller value of 0.54 ± 
0.03. This result indicates that full segments participate in dynamics in the formers, while 
ca. 82 % in the latter within available dynamic window. All fitted parameters indicate 
that stereoregularity significantly influences molecular dynamics of the stems. 
Considering former
24
 and current results, it is concluded that the stem dynamics is 
dominated by the packing structures and lamellae thickness depending on Tc as well as 
stereoreguality. 
 
 
Figure 5.12 CODEX a) exchange and reference spectra for the A sample crystallized at 
155 °C with a mixing time of 200 ms. b) tmix dependence of (S/S0) intensities of the CH3 
signal for the A (■), B (●), and C (▲) samples crystallized at 155 °C with an evolution 
time of 2 ms measured at 123 °C  
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Table 5.1 Best fitted parameters of CODEX tmix dependence for the CH3 signals of the A, 
B, and C samples at Tc = 155 °C obtained at 123 °C. 
Sample a β <τc> / s 
A     ±          ±           ±       
B     ±          ±           ±       
C     ±          ±           ±       
 
The stems in the A sample with the highest Tm of 183°C shows the slowest dynamics at 
123 °C among the three samples. Molecular dynamics of the crystalline stem in the A 
sample is further investigated at high temperatures across reported α2 - α2’ transition 
temperature of 157 - 159 °C.[5, 6, 40] Figure 5.13 (a) illustrates tmix dependence of (S/S0) 
of the CH2 signals at various temperatures of 103 - 166 °C, where the CH3 signal was not 
used due to the short T1 value at low temperature side. Note that dynamic parameters 
obtained by using the CH3 signal are identical with those by the CH2 result within 
experimental errors. With increasing temperatures, tmix dependence of (S/S0) intensity 
ratio shows a faster decay. The obtained <τc> values, which are plotted in Figure 5.13 (b), 
continuously decreases from 3.7  10-1 s at 103 °C to 2 10-3 s at 166 °C. Similarly, the a 
value also gradually decreases from 0.64 at 103 °C to 0.49 at 166 °C. Decreasing of the a 
value with increasing temperature originates not from change of available site numbers 
but from intensity loss during two evolution periods.[91]
 
In the slow dynamic regime, 
correlation loss occurs only as a result of re-orientations during a long tm. When the 
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motional frequency enters into the intermediate regime, orientations of CSA also change 
during first and second Ntr periods. This effect leads to additional correlation loss in two 
evolution periods. As a result, the residual correlation loss, as obtained in exchange and 
reference experiments does not correspond to the full amplitude of the correlation loss 
during a tm. In the vicinity of the intermediate regime, however, CODEX decaying curve 
still provides a reliable <τc> value. Note that available site numbers can no longer be 
obtained in this regime. Figure 5.13 (b) shows temperature dependence of ln(<τc>) of 
helical jump motions (■) of the A sample. The molecular dynamics shows a linear 
relationship with ln(<τc>) vs. 1/Temp, meaning that molecular dynamics of the crystalline 
stems follow an Arrhenius type of dynamics with an activation energy of Ea =116 kJ/mol 
across the transition temperature of 159 °C which is indicated as a dash line in Figure 
5.13 (b).[40, 41]  
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Figure 5.13 a) Mixing-time dependence of CODEX (S/S0) intensities of the CH2 signal of 
the A samples crystallized at 155 °C with an evolution time of 2.0 ms at various 
temperatures of 103(■), 123(○), 143(Δ), 153(▼), 163(◊), and 166 °C (►). b) Arrhenius 
plot of <τc>s of helical jump motions in the α2-rich samples of the A sample crystallized 
at 155 °C with an activation energy of 116 kJ/mol. Dashed lines being a reported α2-α2’ 
transition temperature of 159 °C.
11 
 
5.3 Discussion 
In the 5.2, I explained the results of the chain packing in iPP. Here I’d like to discuss 
several points in chain packing of iPP. 
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5.3.1 Structural Disorder in α Form of ZN sample 
13
C high-resolution NMR properly evaluates physical disorders (chain packing) in the 
crystalline regions of α form of the ZN samples. Stereoregularity significantly influences 
selection of the packing structure in α form of iPP at high Tcs. The highest 
stereoregularity increases α2 fraction up to 66 % at Tc = 155 °C, while the lowest 
isotacticity of 91 % gives a maximum one of 47 %. Tendency of stereo-regularity effects 
on ordered packing fraction is very similar to that of crystallinity (See Table I). This 
observation clearly indicates that chemical disorder significantly influences the packing 
formation in the crystalline region. On the other hand, Mw (58.7 - 982 kg/mol) 
significantly influences crystallinity but does not influence the packing structures in the 
investigated temperature range. Significant Mw dependence of crystallinity can be 
reasonably explained in terms of high density of entanglements with increasing Mws. Mw 
independence of the packing structure implies that entanglements of the polymer chains 
do not influence order-disorder phenomenon of the packing structures inside of the 
crystals.  
The stereoregularity dependence of α2 packing fraction obtained by current NMR does 
not support former XRD results, which indicate that iPP samples with 89 % < <mmmm> 
< 99.6 % provide nearly full α2 structures at high Tc.[36, 42, 59] In XRD, a very tiny 
diffraction peak corresponding to the α2 structure at 2ϑ= 31.6° has been used for 
estimation of α2 fraction, which is overlapped with amorphous halo and background. 
Subtraction of baseline distortion and amorphous halo severely influence the results. This 
would be main reason why XRD overestimates α2 fractions.  
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It is believed that the metallocene iPP have homogeneous distributions of chemical 
defects along the chains while the ZN iPP have heterogeneous ones. High-resolution 
NMR on 
13
C labeled ZN iPP sample with <mmmm> = 99 % verified that stereodefects 
are almost excluded out of the crystalline regions (defect free crystal) at Tc = 150 °C and 
the MQ sample includes only a small partition ratio of 0.04. These experimental results 
indicate that slow crystallization process makes perfect crystals and defect partition 
depends on Tc. Vanderhart et al. indicated that the metallocene iPP samples prepared by a 
cooling rate of by 1 °C/min from the melt shows the partition ratio of 0.48 which is larger 
by one order of magnitude than the value on the ZN sample in this chapter.
28
 Additionally, 
they did not observe Tc effects on defect partitions in the metallocene samples. Both 
fractions of partitions and their temperature dependences in the metallocene samples are 
different from those in the ZN sample in this chapter. These experimental evidences 
suggest that difference of defect partitions between the ZN and metallocene samples 
originate from differences of distribution degree of the chemical defects along the chains. 
The homogeneously distributed chemical defects cannot be mostly excluded from the 
crystalline region during crystallization process, while heterogeneous distribution allows 
the regular chains without defect to be selectively crystallized and effectively exclude the 
defect parts out of the crystals during crystallization process.  
 
5.3.2 Origins of Domain Structures 
Former packing energy calculations indicated that energy difference between α1 and α2 
structures is very small.[36, 64] This fact might support small cluster model for 
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distributions ofα1 and α2 in space. However, real α1 and α2 regions form domain 
structures on the average sizes of 40 nm under assumption of 2D SD, when iPP is 
crystallized at Tc = 150 °C. Here, structural origins of domain structures of the α1 and α2 
structures are further considered. It is simply hypothesized that origins of the domain 
structures are different anisotropy of chain structures between the α1 and α2 forms. In the 
case of stereo-regular polymers, chains can adopt R or L handed helical conformations 
with independently upward and downward orientations of the side group. Thereby, 
stereo-regular chains adopt four independent chain conformations of Ru, Rd, Ld, and Lu. 
Packing energy calculation simply treated with stability of packing structures of 
independent stems, assuming that there is no chain constrains on chain-packing structures. 
In fact, the length of polymer chains is much longer than the stem length. Thus, chains 
include more or less chain-folding structures in the crystalline regions. Petercorne et al. 
originally considered configurational constraints on the chain-folding structures of 
iPP.[28, 31, 64, 82]
 
Suppose that the chains dominantly adopt adjacently re-entry 
structure in the α2 crystal, configurational constrains would allow chains to fold between 
two specific stem conformations, namely, Ru and Lu or Rd and Ld within one bilayer. 
Scheme 2.1(a) shows possible chain trajectory in the α2 crystal. Chain folding occurs 
within the same bilayer along a* axis. The anisotropic growth direction of chain folding 
is consistent with a lath type of single crystal morphology.[31, 123] Upward and 
downward disorders, however, randomly happen in α1 form. In this case, there is no 
longer constraint on the chain-folding directions, as shown in Scheme 2.1(b). If the 
chains adopt adjacent re-entry rich structure, it is expected that shape of the crystal 
growth front in α1 form is highly disordered and largely different from ordered shape 
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along a* axis in the α2 form. Different shapes of growth front may limit chain-folding 
structure for the next chain. If the nucleation is once initiated by the α2 structure, the 
growth front prefers successive α2 structures. Same logic would hold for growth in α1 
ones. Different anisotropy of chain structures at the growth front may explain the reason 
why α1 and α2 forms make domain structures. Even currently, local chain-folding 
structure of iPP is not well understood. Very recently, Hong et al. proposed 
13
C selective 
isotopic labeling and 
13
C - 
13
C DQ NMR to directly prove adjacent re-entry structures of 
semi-crystalline polymers.[101] I’ll introduce the chain folding in iPP in chapter VI. 
 
5.3.3 Molecular Dynamics of α form of iPP at High Temperatures 
On the basis of unit-cell parameters,[40] lamellae thickness,[6] and melting 
temperatures,[5] it was suggested that α2 form of iPP enters into a dynamically disordered 
phase, so called, α2’ phase above 157-159 °C. So far, there are several NMR reports on 
dynamically disordered phases such as polyethylene in hexagonal phase under high 
pressure[70] and high temperature phase of trans-poly(butadiene),[76, 77] and form II 
isotactic-poly(1-butene),[81] and poly(tetrafluoro ethylene),[79, 80] etc. Comparison of 
current result with former NMR ones
[72], 
[78-81, 105] enables us to conclude absence of 
dynamically disordered phase in iPP at high temperatures > 159 °C. In formers, it has 
been commonly demonstrated that disordered crystalline stems perform rotational 
diffusions around the chain axes in a fast motional limit (<τc> < 10
-6
 s). The dynamic 
geometry in these disordered phases are largely different from thoose in the crystalline 
polymers such as PE (180° flips) in orthorhombic phase[68] and iPP α1 and α2 phases 
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(120° helical jumps).[28, 75] Additionally, kinetics of dynamics in typical crystalline 
polymers is much slower than those in highly disordered phases. In the current A sample 
crystallized at 155°C, thermally activated helical jump motions follow a simple 
Arrhenius line with an activation energy of 116 kJ/mol even at temperatures across a 
reported transition temperature of 157 - 159 °C.[6, 40] At the highest temperature of 
166 °C in our research, <τc> is 2  10
-3
 s which is almost close to a limit of slow 
dynamics. Additionally, final plateau values of CODEX (S/S0) intensity increases from 
0.34 at 104 ° C to 0.49 at 166 °C. This phenomenon was explained in terms of correlation 
loss in a slow dynamics limit. If available site numbers change from 3 site jumps to 
infinite sites in rotational diffusions as observed in other disordered phases, the final 
plateau value would decrease down to ~ 0. Both the plateau value of 0.49, and <τc> is 2 
 10-3 s at 166 °C do not support presence of dynamically disordered phase of iPP above 
159 °C. It is simply concluded that thermally activated helical jump motions in 3 sites are 
origins for lamellar thickening phenomenon and very high melting temperatures of the 
iPP samples.[6, 40] 
 
5.3.4 Chemical Structures of ZN samples vs. Crystalline Structures 
Recent reports indicate that iPP with <mmmm> = 99.6 % crystallized at Tc = 166 °C 
produce unique structures such as very thick lamellae with a maximum thickness of ca. 
70 nm, no cross hatch structure, and very high melting temperature of 187 °C.[6] Current 
SS-NMR indicates that ZN iPP sample with high stereoregularity provides very large 
fraction of the ordered packing structure (66 %) and defect free crystals. Moreover, 
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molecular dynamics of iPP crystalline stems in the A sample gives higher Ea value of 116 
kJ/mol than those in α1 (79 kJ/mol) and α2-rich samples (102 kJ/mol) in former 
research.[28] These microscopic crystalline structures and dynamics can correlate 
molecular characters with solid structures at large scales and bulk properties. It is 
concluded that stereoregularity significantly influences all the crystalline structures from 
molecular to macroscopic levels as well as bulk property of iPP. 
 
 
Figure 5.14 Summary of the highlighted results in this chapter. 
 
5.4 Conclusions 
SS-NMR has been successfully applied to investigate local packing structures, defect 
partition, spatial correlation of different packing structures and molecular dynamics of 
ZN iPP samples. Some of these structures and dynamics were investigated in terms of 
mainly XRD and other techniques. Current SS-NMR results revise crystalline structures 
and dynamics obtained in former works. Stereoregularity significantly influences 
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formation of the ordered packing structure of α form at high Tcs. The highest isotacticity 
(<mmmm> = 99.4 %) provides highly ordered packing structures with a maximum 
ordered packing fraction of 66 %. Current NMR experiments indicate that the ZN sample 
never reaches a full-limit order, which was suggested by former XRD works. It was also 
shown that Mw, however, does not play a significant role on ordered packing formation. 
Entanglements of polymer chains do not play important roles in formations of local order 
inside of the crystalline region. The fraction of stereodefect in the crystalline regions of 
ZN samples (<mmmm> = 99 %) prepared by rapid quench is very small (ca. 2 %), which 
is by one order of magnitude smaller than the reported metallocene samples (ca. 21 %).
28
 
High Tc of 150°C leads to defect free crystals in the ZN sample. Spin-diffusion 
measurement indicates that the α1 and α2 packing structures make domain structures on 
an average scale of 40 nm under assumption of 2D spin diffusion. This result rejects early 
proposed models such as small cluster and bilayor ones. Highly isotactic iPP sample 
gives simple Arrhenius type of dynamics at temperatures across reported α2-α2’ transition 
temperature.[5, 6, 40] Our results do not support presence of highly mobile and 
disordered phase of iPP at high temperatures above 159 °C. ZN iPP with high 
stereoregularity (<mmmm> = 99.4 %) possesses very high ordered packing fraction 
(66 %), very thick lamellae [6] defect free crystal, constrained molecular dynamics in the 
crystalline regions (116 kJ/mol), and very high melting temperature. All hierarchical 
structures, dynamics, and thermal property are linked with each other and significantly 
influenced by stereoregularity.  
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CHAPTER VI 
 DETERMINATION OF CHAIN-FOLDING STRUCTURE OF ISOTACTIC 
POLYPROPYLENE IN MELT-GROWN ΑLPHA CRYSTALS BY 13C-13C DOUBLE 
QUANTUM NMR AND SELECTIVE ISOTOPIC LABELING 
 
6.1 Introduction 
In this chapter, we investigated chain-packing and CF structures of selective isotopic 
13
C 
labeled iPP in α phase by using 13C-13C DQ NMR and spin-dynamics simulation.[124] 
Background for chain folding studies were introduced in chapter II. The SS-NMR 
experiment approaches and strategies were introduced in chapter III. The α2 packing 
structure gave doublet 
13
C high-resolution NMR signals with 2:1 intensity ratio.[28-30] 
The doublet signals were empirically assigned to the two crystallographic inequivalent 
sites in the α2 form.[30] 
13
C-
13
C DQ NMR buildup curves at the two sites were used to 
test the packing structure of the α2 form. Besides, the DQ NMR buildup curves revealed 
that major iPP chains adopt small clusters connected via adjacent re-entry structures in 
both the α1 and α2 forms prepared at largely different Tcs. The newly obtained structures 
allowed us not only to revise the former understanding of the CF structure of the iPP α 
phases, but to discuss about chain-packing process, as well as to verify various theoretical 
models at the molecular levels. 
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6.2 Results 
Here, I’ll introduce my results for the chain folding in iPP, including the simulation 
procedures and experimental observations. 
 
6.2.1 13C DPMAS and CPMAS Spectra 
The crystallinity of the samples was investigated by 
13
C DPMAS NMR spectra with a 
recycle delay of 200 s at 100 ºC, where the CH peak gave the crystalline signal at 26.6 
ppm separated well from the amorphous one at 28.7 ppm. Figure 6.1 shows 
13
C DPMAS 
spectrum for the α2 sample of 
13
C labeled iPP blended with nonlabeled chains with a 
blending ratio of 10 %. Applying two Lorentzian lineshapes to the CH resonances, the 
crystallinity was determined to be ~ 85 %. Similarly, the crystallinity of the α1 sample 
was also determined to be 76 % (data are not shown). The obtained crystallinity was 
listed in Table 2. 
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Figure 6.1 
13
C DPMAS spectrum for the α2 sample of 
13
C CH3 labeled iPP blended with 
nonlabeled iPP with a blending ratio of 10 % measured at 100 ºC with best-fit curves of 
the CH signals (red). 
 
Figure 6.2 shows SQ
 13
C CPMAS NMR spectra of 15.1 wt % 
13
C CH3 labeled iPP sample 
crystallized at 150 (top) and 100 ºC (bottom). The amorphous signals were mostly 
eliminated by exploiting the T1ρH filter for 8 ms.[28, 29, 67] Even after eliminating the 
amorphous components, 
13
C CPMAS spectrum of iPP α1 showed broad and structureless 
signals. The spectrum for the α2 sample was dominated by sharp doublet 
13
C lineshapes 
with a 2:1 ratio for all three functional groups.[28, 30] Actually, the sharp doublets 
overlapped with the broad α1 signals, whose lineshape was inserted as blue solid curves in 
Figure 6.2. Deconvolution of the CH2 peak areas determined the α2 fraction to be 57 %, 
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which is very similar with our previous result on iPP with <mmmm> = 99.0 % (56 %) 
crystallized at the same temperature.[29] 
 
 
Figure 6.2 
13
C CPMAS NMR spectra for 15 % 
13
CH3 labeled iPP sample crystallized at 
Tc = 150 (top) and 100 ºC (bottom). The top includes the α1 lineshape colored by blue.  
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Figure 6.3 a) Schematic illustration of colored 
13
C thirteen spin system on the 
crystallographic (001) plane at 
13
C-
13
C internuclear distances within 6 Å from the 
observation spin colored by black (site A) and b) on the (100) plane. c) Distribution of 
internuclear 
13
C-
13
C distances from the observation spins of A (top), B (middle), and C 
(bottom) to the surrounding spins within 6.0 Å indicated in Figure 6.3a. d) Simulated DQ 
results for am (tex) from m = 2 to 6. e) Simulated curves of ξ(tex) at A (red), B (black), and 
C sites (blue) using the original Mencik crystalline structure[1]
 
with a T2 value of 9.1 ms. 
f) Simulated curves of ξ(tex) at A (red), B (black), and C sites (blue) with T2 values of 9.1, 
9.5, and 10.6 ms, respectively. 
 
6.2.2 Spin Topology and Simulation of Chain-Packing in iPP 
The α2 packing structure was re-constructed using crystal unit cell reported by Mencik[1] 
as shown in Figure 6.3 a). To analyze the chain-packing and CF structures, a spin-
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dynamics simulation of 
13
C CH3 DQ signals was performed based on the atomic 
coordinates.[1] Due to computational limitations, a thirteen spin system was employed 
with a cut off distance of 6.0 Å, as represented using colored atoms in the unit cell of the 
α2 form. Note that this distance is slightly shorter than former iPB1 works.[101, 102] 
Crystal symmetry induces three inequivalent sites which were labeled by A, B, and C 
sites. On the basis of the α2 packing structure,[26] Bunn et al. assigned the A and B sites 
to the downfield peak at 22.5 ppm and the C site to the upfield one at 21.5 ppm.[30] To 
confirm the NMR signal assignments, we simulated DQ buildup curves for the A - C sites 
on the basis of the atomic coordinates.[1] Figure 6.3 a illustrates one example of the 
observation spin site A (colored by black) and surrounding intrastem (green) and 
interstem (red) spins on the (001) plane. To distinguish the overlapped carbons on the 
(001) plane, (100) projection was also shown in Figure 6.3 b. Figure 6.3 c depicts 
distributions of the 
13
C-
13
C internuclear distances between the observation spins (A (top), 
B (middle), and C (bottom)) and corresponding surrounding spins, where 4 intrastem 
internuclear distances are colored by green. Using the site A, detailed simulation 
procedures for the DQ buildup curve were illustrated.
 13
C-
13
C DQ buildup curves were 
statistically calculated using maximally thirteen 
13
CH3 sites including the observation 
spin using SPINEVOLUTION. The buildup curves for m spin system were represented as  
 
        ∑ (            )    
 
 
  
Equation 6.1 
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where     represents probability of each spin topology in m spin, ∑ (   )
 
 
  , 
         represents the simulation curves of each spin topology in m spin as a function of 
excitation time (   ),    represents that probability of m spin system among thirteen, and 
∑    
  
     .    is expressed as 
 
      
                      
Equation 6.2 
where x is labeling ratio of 0.151; P2, P3, P4, P5, and P6 are 29.9, 29.2, 17.4, 6.9, and 
2.0 %, respectively, and C is combination number. The am(tex) curves calculated up to six 
spins were depicted in Figure 6.3 d. With increasing spin number, the DQ curves became 
faster but showed lower heights due to less probability. For example, a6(tex) gave a 
maximum 0.015 % at 7.6 ms and was much lower for the three spin system (a3(tex)max = 
0.201 % at 11.0 ms). Notably, summation of probabilities for more than seven spins was 
only 0.005 %. Thereby,              for the spin system higher than seven was simply 
assumed to be same as the six spin system. Finally, experimentally observed DQ buildup 
curves were represented as 
 
          ∑          
 
 
             
Equation 6.3 
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where T2 is the spin-spin relaxation time which may include unwanted effects such as rf 
imperfection, CSA, and dipolar interactions longer than 6 Å which were not treated in our 
simulation. The resultant calculated buildup curve at the A site with T2 = 9.1 ms was 
plotted in Figure 6.3 e). Similarly, DQ buildup curves for the B (black) and C sites (blue) 
with the same T2 value were also represented in Figure 6.3 e). Each buildup curve is 
evidently different from the other two. However, the curve at the A site is closer to that 
for the B site than that for the C site. These simulation results meant that the DQ results 
can differentiate the A and B sites from the C.  
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Figure 6.4 a) SQ (red) and DQ (black) 
13
C CPMAS NMR spectra for 15.1 % 
13
CH3 
labeled iPP α2 sample crystallized at Tc = 150 ºC with tex = 7.06 ms. b) Experimental DQ 
buildup curves for the two peaks at 22.5 (red circle) and 21.5 ppm (blue square) for the 
13C labeled α2 iPP. c) The experimental DQ buildup curve for the α2 peak and simulation 
results on the basis of original (red) and modified Mencik model (98 % shrinking ratio) 
(black curve) with T2 = 9.1 ms and 8.6 ms, respectively. d) The experimental and 
simulated DQ curves for α1 sample crystallized at Tc = 100 ºC with a shrinking ratio of 
98 % and T2 = 8.7 ms. 
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Figure 6.4 a) shows SQ and DQ 
13
C CPMAS NMR spectra of 15.1 % labeled α2 sample 
with tex = 7.06 ms. DQ efficiency ξ was obtained by integration ratios of the CH3 signals 
in the DQ spectrum to that in SQ one. As mentioned above, the spectra for the α2 sample 
includes 43 % α1 signals. To obtain the pure α2 spectrum, the broad α1 components were 
subtracted from the entire spectrum, and then the remaining sharp doublet α2 signals were 
integrated. Notably, the same procedure was applied to the CF analysis in the α2 sample. 
Figure 6.4 b) shows the DQ buildup curves for the α2 downfield (red circle) and upfield 
peaks (blue square). The experimental error was calculated based on the signal to noise 
ratio and multiple experiments showed same results. The experimental DQ results could 
not distinguish the A and B sites from the C site, and were not consistent with the 
simulated results based on the α2 packing structure as shown in Figure 6.3 e).[1, 30] One 
possible reason for the inconsistency might be the T2 difference between the two sites. 
Figure 6.3 f shows the simulated buildup curve for the sites A to C with the different T2 
values, where the maximum height of the DQ curves at the C site was adjusted to be the 
same with those at the A and B sites. By changing T2 values, the curve at the A site was 
still closer to that for the B site than that for the C site. The former two show much faster 
decays in the late process than the latter. Thereby, the T2 difference is disregarded as a 
possible source for the experimentally confirmed consistent buildup curves among three 
sites. Another possibility may be real packing structure of the α2 form which is different 
from the average structure determined by XRD.[1, 27, 36]  
According to the XRD work, energy minimization was performed to refine atomic 
coordinates of the stems in the unit cell.[1] This process included adjustments of two 
parameters (θ and δ) describing the rotation of iPP stems around its axis and z coordinate 
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along the c axis.[1, 27, 36] In this process, each θ and δ determined the atomic 
coordinates for the functional groups. In real systems, the atomic coordinates might 
deviate from those in minimum energy states and might be distributed. Slightly different 
atomic coordinates, having different heights and rotational angles from those obtained in 
energy minimum states, might be possible if packing symmetries are retained under 
different θ and δ values. Such structural distribution might be possible in the α2 structure 
and possibly lead to apparently consistent DQ buildup curves among three sites. Thereby, 
the consistent DQ buildup curves at the A, B and C sites no longer offer site-specific 
information about the chain-packing and CF direction. We calculated one average curve 
for all three sites (red curve) for the original Mencik model[1] with the T2 value of 9.1 ms 
as shown in Figure 6.4c. The curve showed good consistency, yet not a perfect fit with 
the experimental result (black circle). By slightly reducing the unit-cell parameters (abc) 
by 2 %, the calculated curve (black curve) could reproduce the experimental data (Figure 
6.4c). Similar minor differences between NMR and XRD were reported in our previous 
works.[101-103] 
The DQ buildup curve for the α1 structure was shown in Figure 6.4d and was well 
reproduced using the same atomic coordinates of the CH3 groups in the α2 packing with 
T2 = 8.6 ms. The refined atomic coordinates and the T2 values were further used for the 
CF analysis. 
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6.2.3 Stem Level Mixing of 13C Labeled and Nonlabeled Chains 
In previous NS and IR works, fully deuterated PE samples were segregated from 
protonated ones under slow crystallization.[14, 17, 125] In segregated samples, the 
labeling approach no longer accesses real chain-level structures. In this study, the α2 
sample was prepared at Tc = 150 ºC and this condition took an extremely long 
crystallization time of ca. 40 days. Thereby, special attention must be paid to the 
segregation issue. Figure 6.5 a illustrates 
13
C SQ CPMAS (red) and DQ (black) NMR 
spectra for 15.1% 
13
C labeled iPP α2 sample blended with nonlabeled iPP with a blending 
ratio of 10 %. Natural abundance significantly contributes to the former. Thereby, we 
must estimate contributions of pure labeled peak to the whole SQ peak. Contributions of 
the labeled and nonlabeled samples to the whole peak were calculated by the blending 
ratio, 
13
C isotope ratios for the labeled and nonlabeled iPP. The SQ spectrum colored by 
blue corresponds to pure 
13
C labeled iPP. DQ efficiency was obtained using the SQ signal 
for the labeled sample in the blend. Compositional dependence (r = 100, 50, and 10 %) of 
the DQ buildup curves for the iPP α2 signals were plotted in Figure 6.5b. With decreasing 
blending ratio, the maximum DQ efficiency was decreased from 0.187 at 100 % to 0.159 
at 50 % and to 0.145 at 10 %. Furthermore, the maximum efficiency was observed at 
longer tex with decreasing blending ratio. The observed compositional dependence of the 
DQ buildup curves evidently indicated that the labeled iPP chains are well mixed with the 
nonlabeled ones at the molecular levels and contributions from interchain spin 
interactions are largely suppressed with decreasing blending ratio. Therefore, we could 
for the first time investigate the CF structures of iPP α phase prepared even under the 
extremely high Tc of 150 ºC. 
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Figure 6.5 a) 
13
C SQ CPMAS NMR spectrum for 15.1 % 
13
C labeled iPP α2 sample 
blended with nonlabeled one with a blending ratio of 10 % (red), pure SQ spectrum for 
the labeled iPP in the blends (blue) after subtraction of the nonlabeled iPP signals, and 
13
C DQ NMR spectrum for the 
13
C labeled iPP α2 sample blended with nonlabeled one 
with a blending ratio of 10 % at tex= 7.06 ms (black). b) DQ buildup curve for the labeled 
iPP α2 in the blends with nonlabeled one with blending ratios of 100 (black circle), 50 
(red triangle), and 10 % (blue square).  
 
6.2.4 Chain-Folding Structure in α2 
The experimental DQ buildup curve for the α2 labeled iPP sample blended with 
nonlabeled one at a blending ratio of 10 % was illustrated in Figure 6.6. Here, we 
consider two models for CF patterns for α2. One is the isolated model (CF-0) as a major 
component of the random re-entry model supported by IR illustrated in Scheme 2.1b,[15, 
16, 56, 126] and another is the CF-I depicted in Scheme 2.1a. In the former, short-range 
interstem dipolar interactions, which are dominant in chain-packing, do not exist except 
for the statistical contribution. Thereby, intrastem 
13
C-
13
C couplings are dominant and 
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thus weak long-range interactions at distances longer than 6 Å might be carefully 
considered. Additional intrastem effects at distances up to 9.3 Å were taken into account. 
Figure 6.6 a illustrates the simulated DQ buildup curves for CF-0 as a function of 
intrastem 
13
C spin number, where 
13
C spins at the longest distances used in the simulation 
and corresponding DQ curves were marked by the same colors. The DQ curve for one 
spin corresponding to only an observation spin colored by red gives ξmax = 0.031 at tex = 
9.02 ms. With increasing intrastem spin numbers, ξmax increased up to 0.08 (three spins), 
0.097 (five), and 0.10 (seven). Additionally, 2 spins at the longest distance of 9.3 Å did 
not further change the DQ curve. Therefore, the DQ curve based on the seven intrastem 
spins was used for calculations for the CF-0 model. Its maximum (ξmax of 0.100 at tex = 
8.62 ms) was much lower than the experimental result (ξmax = 0.145 at tex = 7.84 ms). 
Only CF-0 model could not explain the experimental data and was excluded as a major 
structure in the iPP α2 crystals.  
 
 
145 
 
 
Figure 6.6 a) and b) DQ curve for 
13
C labeled iPP α2 form (black circle) blended with 
nonlabeled one with a blending ratio of 10 %. a) Simulated curves for the CF-0 model as 
a function of intrastem spin number of 1 (red), 3 (blue), 5 (orange), 7 (green), and 9 
(magenta). b) Simulated DQ buildup curve for the CF-I model with <nmin> = 1 (magenta), 
3 (orange), 5 (blue), 7 (green), 11 (red), and <nmax>= 27 (black) under the assumption of 
<F> = 100 %. 
 
Next, we considered the CF-I model. When the CF pattern was fixed, two independent 
parameters of <n> and <F> were varied. These two parameters provide two limit 
structures by setting either one at the maximum. The minimum adjacent re-entry number 
<nmin> was obtained under the assumption that the all stems participate in adjacent re-
entry events (<F> = 100 %). The maximum chain-folding number <nmax> was calculated 
from <Mw> and long period (<l>) assuming that whole chains participate in adjacent re-
entry events, where <F> was used as an adjustable parameter under the assumption of the 
remaining stems (1 - <F>) adopting random re-entry structures.[101-103] According to 
the former literatures, <l> of iPP is ca. 31 nm when the sample was crystallized at Tc = 
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150 ºC.[28, 29] Considering <Mw> and <l>, <nmax> was estimated to be ca. 27.[28, 29] 
Previous NS works provided that the radius of gyrations (Rgs) of PE[16] and iPP[52] in 
the melt state are similar with those for the melt-grown crystals. These results implied 
that single polymer chains pass across multiple lamellae in the bulk crystallized samples. 
Thereby, it was assumed that the model using <nmin> is closer to real CF structures in the 
melt-grown crystals. We applied <nmin> and <F> = 100 % to the CF analysis. Figure 6.6 
b shows simulated curves for the CF-I model as a function of <nmin>. With increasing 
<nmin>, the calculated DQ curve heights gradually increase and could reproduce the 
experimental data when <nmin> = 5 - 7 were used. This means that individual chains fold 
5 - 7 times as a mean structure and make small clusters consisting of 6 - 8 stems 
connected via adjacent re-entry structures. Notably, a CF structure more than <nmin> = 7 
does not significantly affect DQ efficiency. This is vital for NMR techniques, since the 
DQ curves were determined by spin networks of the folded chains and two ends of the 
cluster are sources to lower the curve heights. Because the end effect was relatively 
lowered with increasing <nmin>, the DQ technique is not sensitive to the long-range order 
of adjacent re-entry structures.  
 
6.2.5 2D DQ SS-NMR Spectra 
In previous part, the NMR signal assignment was discussed and new assignment was 
proposed. 2D double quantum experiment was carried out to further investigate the NMR 
signal assignment in α2 form of iPP. If we consider the NMR assignment in upper Figure 
6.3 e) and the chain folding, CF-II model in Figure 6.6 a), the site A and B shows 
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different behavior during blending. For site A, under CF-II, the neighbor sites are 
decreased more than the site B’s neighbor. The intensity of site A to site A are expected 
to drop more than the site B to site B’s intensity, which should be reflected on 2D DQ 
NMR. 
 
 
Figure 6.7 Two Dimensional Double Quantum SS (2D DQ) NMR spectra of CH3 region 
of α2 iPP label sample with r = 100 % and 10 %, under MAS at 5102 Hz, excitation time 
at 7.06 ms, at the ambient temperature. 
 
In Figure 6.7, 2D DQ spectra of iPP α2 samples with different blending ratio were shown. 
From the 2D spectra, the two spectra show no significant difference in relative peak 
intensities. The relative peak area does not change with decreasing the r. These 
experimental results also support that former assignment is not correct. As site A+B and 
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C are not fixed, A+B/C can both appear in exposed position and well surrounded 
positions, which makes the identical lineshape of the 2D DQ spectra. 
The projections of the peaks were shown in Figure 6.7 along with the 2D spectra, to 
clearly show the similar lineshape of sample with different blending ratio. From the 
integration of each peak, the four peaks have identical relative intensity for 100% and 10% 
samples. If we consider the CF-II model (bilayer model) discussed in Figure 6.6 b) as 
well as the peak assignment in upper Figure 6.4 b), the site A+B (red CH3) will be much 
less isolated than the site C (blue CH3). The probability of site C to site C correlations 
will decrease during chain folding process while site A/B to site A/B correlations still 
remains. This will result in the large decrease in the diagonal peak intensity at 21.5 ppm 
comparing to the diagonal peak at 22.5 ppm. However, in experimental 2D DQ spectra, 
the identical spectra patterns were obtained. If we consider the newly proposed 
assignment of SS-NMR peak, the correlations of neither site A/B to site A/B nor site C to 
site C will change during chain folding and blending process. This will result in the 
identical spectra patterns. 
 
6.2.6 Chain-Folding Structures in α1 
Figure 6.8b and c show the experimental DQ buildup curve for 15 % 
13
C labeled iPP α1 
blended with nonlabeled one with a blending ratio of 10 % (black circle). The 
experimental DQ results show a very similar buildup curve (ξmax = 0.141 at tex = 7.84 ms) 
with that for α2 (ξmax = 0.145 at tex = 7.84 ms). This result implied that the chains in the α1 
crystals also prefer adjacent re-entry formation even under large supercooling and were 
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not consistent with the CF structure dominated by kinetics treated in Scheme 2.1b. 
Contrary to α2, there is no CF limitation in α1 due to the packing disorders. Here, four 
representative models of CF-I to -IV having different CF patterns were considered 
(Figure 6.8a). The simulated curves for CF-I to -IV under the assumption of <nmin> = 5 
and <F> = 100 % were depicted in Figure 6.8b. The CF-I, II, III, and IV models gave 
ξmax of 0.147, 0.129, 0.138, and 0.148 at tex = 7.84, 8.23, 8.23, and 7.84 ms, respectively. 
Several models showed good consistencies with the experimental results. However, only 
one specific model could not explain the packing disorders in α1. Thereby, a mixture of 
four models instead of one specific model was further considered. We calculated an 
average DQ curve for the above four models under the assumptions of each model having 
the same fraction of 25 %. <nmin> dependence of DQ buildup curves in the mixed model 
were depicted in Figure 6.8c. The calculated curves with <nmin> of 5 - 7 gave a good 
consistency with the experimental curve. This result indicated that <nmin> in α1 
crystallized at Tc = 100 ºC, which is consistent with that for the α2 packing at Tc = 150 ºC. 
Namely, individual iPP chains prefer small clusters consisting of 6 - 8 stems as a mean 
structure, connected via adjacent re-entry structures in both α1 and α2 in a wide Tc range.  
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Figure 6.8 a) Several CF models for the α1 form of iPP, marked by different colors (CF-0 
(black), CF-I (green), CF-II (blue), CF-III (orange), and CF-IV (red)). b) Experimental 
DQ buildup curves for 
13
C labeled iPP α1 sample blended with nonlabeled one with a 
blending ratio of 10 % and simulated curves based on the CF-0 to -IV under <F> = 100 % 
and <nmin> = 5. c) <nmin> dependence of simulated DQ curves for the mixed model under 
the assumption of <F> = 100 %. 
 
6.3 Discussion 
In Chapter 6.2, I explained my results using DQ SS-NMR and spin simulation to obtain 
the chain folding structures of iPP. I’ll show the discussion with the chain folding results 
I obtained in this dissertation. 
 
6.3.1 iPP Chain-Folding Structures by IR and NMR 
The current 
13
C-
13
C DQ NMR approach combined with spin-dynamics simulations 
clearly demonstrated that adjacent re-entry structures are dominant in both α1 and α2 
forms prepared under largely different Tcs. The determined CF-I model with <nmin> = 5 - 
7 and <F> = 100 % at Tc = 150 ºC and the mixed CF model with <nmin> = 5 - 7 and <F> 
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= 100 % at Tc = 100 ºC, correspond to <f> = 83 - 87 %, respectively. These values are 
much higher than expectations (<f> = 30 %) for PE by LH theory in regime III[22] and 
various experimental results on PE (<f> = 20 - 45 %),[11, 12, 14-16] random re-entry 
structures for iPP by IR spectroscopy,[56] and are still higher than but close to <f> = 70 % 
for PE by Guttman et al,[13] expectation of PE in regime I (66 %),[22] and <f> = 65 - 67 % 
for iPB1 (Mw = 37 kg/mol) determined by our previous DQ NMR.[101-103] Even in the 
same polymers, different conclusions were drawn in these studies.
 
Here, we would like to give comments on the reasons why current NMR and former IR 
analyses leaded to completely different conclusions
 
for CF structures of iPP α phases.[56] 
As demonstrated above, SS-NMR strategy highly relies on editing ability of spectrum by 
combined pulse techniques. High-resolution 
13
C CPMAS NMR under 
1
H decoupling is 
very sensitive to mobility of polymer chains. The glass transition temperature of the iPP 
samples is around ~ 0 ºC. Thereby, high mobility of the amorphous segments at 25 ºC 
lead to less and broad 
13
C CPMAS signals due to partial interference with 
1
H decoupling 
frequency.[81] An additional T1ρH filter further eliminated the remaining minor 
amorphous signals. Thus, only pure crystalline structures could be investigated by the 
filtered CPMAS. Besides, 
13
C-
13
C DQ recoupling selectively excited 
13
C-
13
C spin 
interactions at distances within 6 - 7 Å, even though we treated with spins within 6 Å due 
to simulation limitation. Using these filtering
 
techniques, only 
13
C-
13
C spin interactions 
based on the closest and second closest neighboring stems allowed us to selectively 
investigate the adjacent re-entry structures buried among heterogeneous chain-level 
structures. Besides, comparisons with spin-dynamics simulation quantitatively 
determined local chain-folding structures. On the other hand, the CF structures were 
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investigated by apparent lineshape of specific 
2
H/
1
H bands in IR spectroscopy.[56] When 
a 
2
H atom is surrounded by the same atoms, a doublet signal appears, while surrounding 
1
H atoms lead to singlet. Pure deuterated iPP samples apparently gave a maximum 
splitting width of only 3.5 cm
-1 for δ(CD3) bands in the α2 form at -196 ºC.[56] Diluted 
samples with a
 2
H/
1
H ratio of 5/95 gave a singlet peak. This observation concluded 
random re-entry structures in iPP α forms. This spectroscopic analysis, however, has 
several problems. First, IR spectroscopy does not have spectral editing ability. Thereby, 
amorphous-rich samples significantly influence apparent lineshape. Their samples were 
prepared by cooling of 10 ºC/min and subsequent annealing. The prepared α2 sample 
gave Tm = 158 ºC, which was much lower than our α2 sample (Tm = 181 ºC). This 
comparison simply indicates that both crystallinity and crystal perfection used in the 
former IR work are much
 
lower than those in our sample. Besides, the 
2
H/
1
H =50/50 
sample almost gave a broad singlet peak. Even if the iPP chains prefer random re-entry 
structure, 50 % stems statistically prefer adjacent packing at least. Such statistically 
adjacent packing leads to similar effects with adjacent re-entry structures in the individual 
chains. Apparent lineshape was dominated by other structures including the amorphous 
structure and outer edge of the small clusters formed via adjacent re-entry detected in this 
work. These discussions easily point out that limited resolutions and nonselectivity of IR 
spectroscopy cannot evaluate adjacent re-entry structures buried among heterogeneous 
chain-level structures. In the early days, Krimm et al. indicated insufficient spectral 
resolutions for analysis of CF structure in the melt-grown case.[15, 17, 18]  
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6.3.2 Chain-Folding and Chain-Packing Process in iPP α Phases 
The determined CF structures of iPP α2 and α1 forms under extremely slow and rapid 
crystallization, respectively, supported no change in the CF fraction and number. This 
newly obtained experimental result would give specific comments on secondary 
nucleation and growth processes of the iPP crystals from the melt state and would be 
useful to verify validity of various theoretical models.[22, 23, 127] 
According to the bundle model,
[23]
 pre-folding in the pre-stage of crystallization make 
three dimensional clusters to minimize surface free energy and the latter process induces 
depositions of the clusters on the growth front. Our detected clusters consisting of 6 - 8 
stems are well consistent with stem numbers (4 - 20) of PE expected in the bundle model. 
However, the pre-folding process dominated by surface free energy cannot generate the 
α1 and α2 structures having different CF directions and different packing structures. 
Evidence for different packing structures and CF patterns cannot support pre-folding of 
iPP chains from the melt state. Also, recent MD simulations by Sommer and Luo[128] 
indicated that once folded chains in the pre-stage of crystallization preserve their folded 
structures during the late process. This view also supports our opinion. From the same 
reason, it would be difficult to support a multistage model, where it is believed that 
random coils are deposited onto the mesophase layers at the initial stage. Only a 
secondary nucleation process,[22] in which chain folding occurs at the growth front, can 
explain kinetic effects on both packing selection (α1 vs. α2) and CF patterns. Previously, 
Lotz pointed out the difficulty of pre-folding in the case of iPP crystals from the view 
points of packing selections in different phases.[129] 
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Scheme 6.1 Schematic Illustration for CF process on a) flat growth front and b) ledge 
front of (010) plan in α2, and c) rough growth front in α1. Arrows indicate the crystal 
growth direction. 
 
According to the LH theory, secondary nucleation and growth differently occupy the 
surface front depending on kinetics. Considering CF patterns and chain-packing 
structures, we will further discuss about secondary nucleation and growth process of iPP 
α phases. Scheme 6.1a schematically illustrates depositions of the stems and subsequent 
CF events on the flat growth front parallel to a* direction. As explained above, chain 
folding makes bilayer structures in α2. Folding from stem 1 to 2 on the flat surface is 
energetically unstable. Thereby, secondary nucleation of α2 requires high mobility (high 
temperature). Once nucleated α2 on the flat growth front, it allows chain-folding for the 
next clusters of α2 in a low energy state (Scheme 6.1b). Thereby, a specific surface would 
155 
 
select only α2 structure along a* direction at high Tcs. Recently, Cao et al reported lath 
type of single crystal morphology of iPP grown along the a* axis in the α2-rich form 
crystallized from thin film melts.[31] Macroscopically anisotropic growth direction of the 
iPP single crystals is well consistent with CF-formation and growth along a* axis 
illustrated in Scheme 6.1b, even though two experimental approaches treat with the 
structures at largely different length scales. For α1, no preference of up- and downward 
orientations leads to various CF directions in our analysis unlike the CF-I pattern in the α2 
form. Based on the mechanisms of packing and folding, it is naturally expected that the 
growth front is very rough in α1 (Scheme 6.1c) and rough surface induces various CF 
patterns and resultantly disordered α1 packing. Thereby, once nucleated α1 structure also 
leads to the domain formation of itself. Thereby, α2 and α1 forms cannot physically mix at 
the molecular level. In fact, previously our CHHC experiment quantitatively proved that 
the α1 and α2 structures make domain structures at ca. 40 nm when iPP was crystallized at 
Tc = 150 ºC.[29] With decreasing Tc, kinetic effect leads to dominantly rough surfaces 
and hence higher α1 fraction. This is a plausible explanation for the relationship between 
the CF formations and chain-packing at the growth front in a wide Tc range.  
In early days, Allen et al and Cheng et al reported regime I-II (150 ºC)
[130]
 and II-III 
transition[131] temperatures (137 ºC), respectively, for iPP α phase by determination of 
the crystal growth rate by polarized optical microscope. From the microscopic views, α2 
fraction continuously increases at elevated Tcs above 110 ºC.[28, 29] Tc dependence of α2 
fraction accompanies changes of the CF direction. Different CF patterns between α1 and 
α2 and their relative fractions might be possible sources to generate macroscopically 
different crystal growth rates. However, current and former NMR results[28, 29]could 
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not evidently find two regime transitions at the molecular levels. Current results on the α1 
and α2 of iPP as well as our former results on iPB1[101-103] imply that our experimental 
window is still not enough to quench CF process of flexible polymer chains during 
crystallization. Further research will be definitively necessary to investigate this issue. 
We are currently investigating CF structures of the mesomorphic iPP which can be 
produced by an extremely severe cooling condition.
[132]
 This result will be reported 
elsewhere in the near future. 
 
 
Figure 6.9 Summary of the highlighted results in this chapter. 
 
6.4 Summary 
13
C-
13
C DQ SS-NMR was successfully applied to quantitatively determine the chain-
folding pattern, adjacent re-entry fraction, and successive chain-folding numbers in the 
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iPP α phases. For both α2 and α1 samples, the chains adopt adjacent re-entry structures 
with <nmin> = 5 - 7 as mean structures under the assumptions of <F> = 100 %. Current 
experimental results clearly indicated that kinetics do not play any role for selections of 
chain-folding number and fraction, but do affect the re-entrance sites as well as the 
shapes of the clusters. Through the newly obtained results, it was concluded that the 
chain-folding process occurs on the growth front and kinetics leads to different CF 
directions and resultantly leads to different packing structures (α1 and α2). 
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CHAPTER VII 
 SUMMARY 
This dissertation has aimed to reveal the detail chain packing and chain folding trajectory, 
such as the adjacent re-entry site, F, and <n> of isotactic polypropylene. By using variety 
SS-NMR techniques as well as selective isotope labeling of isotactic polypropylene, the 
detailed chain packing and chain folding structures were revealed. High resolution NMR 
spectra as well as the T1ρH filter have successfully been used to obtain the pure crystalline 
signals. The dramatic lineshape differences between α1 and α2 have been used to 
quantitatively determine the α2 fraction in iPP. Different stereo regularity samples were 
synthesized by ZN catalyst and crystallized from melt state at different Tcs from 110 to 
150 ºC. The α2 fraction was calculated based on the dramatic lineshape differences 
between α1 and α2 forms, as shown in Chapter V. Current SS-NMR results revise Tc 
dependence of the crystalline structures and dynamics obtained in former works. 
Stereoregularity significantly influences formation of the ordered packing structure of α 
form at high Tcs. The highest isotacticity (<mmmm> = 99.4 %) provides highly ordered 
packing structures with a maximum ordered packing fraction of 66 %. Current NMR 
experiments indicate that the ZN sample never reaches a full-limit order, which was 
suggested by former XRD works. It was also shown that Mw, however, does not play a 
significant role on ordered packing formation. The defect partition between crystalline 
and amorphous region was obtained by 50 % 
13
CH3 labeled iPP. The fraction of 
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stereodefect in the crystalline regions of ZN samples (<mmmm> = 99 %) prepared by 
rapid quench is very small (ca. 2 %), which is by one order of magnitude smaller than the 
reported metallocene samples (ca. 21 %).
28
 High Tc of 150°C leads to defect free crystals 
in the ZN sample. Using 50 % 
13
CH3 labeled iPP, spin diffusion measurement shows that 
the α1 and α2 packing structures make domain structures on an average scale of 40 nm 
under assumption of 2D spin diffusion.  
Highly isotactic iPP sample gives simple Arrhenius type of dynamics at temperatures 
across reported α2-α2’ transition temperature.[5, 6, 40] Our results do not support 
presence of highly mobile and disordered phases of iPP at high temperatures above 
159 °C. ZN iPP with high stereoregularity (<mmmm> = 99.4 %) possesses very high 
ordered packing fraction (66 %), very thick lamellae[6] defect free crystal, constrained 
molecular dynamics in the crystalline regions (116 kJ/mol), and very high melting 
temperature. All hierarchical structures, dynamics, and thermal property are linked with 
each other and significantly influenced by stereoregularity.  
In chapter VI, the chain-folding structures and chain-folding mechanism were studied and 
carefully calculated. To evaluate the chain-folding structure in iPP, the 15 % labeled and 
natural abundance ZN catalyst iPP were synthesized. 10:0, 5:5, and 1:9 blending ratio of 
label and none-label samples were prepared. All different blending ratio samples were 
crystallized under 150 and 100 ºC into α2 and α1 forms. 
13
C-
13
C DQ SS-NMR was 
successfully applied to quantitatively determine the chain-folding pattern, adjacent re-
entry fraction, and successive chain-folding numbers in the iPP α phases. Obtained DQ 
results were further analyzed by the spin dynamics simulations and chain-folding models. 
From DQ results for 10:0 blending α2 sample and spin simulation, the possibilities of 
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additional disorders such as helical twisting and sliding in α2 packing structure of iPP was 
pointed out. For both α2 and α1 samples, the chains adopt adjacent re-entry structures with 
<nmin> = 5 - 7 as mean structures under the assumptions of <F> = 100 %. Current 
experimental results clearly indicated that kinetics do not play any role for selections of 
chain-folding number and fraction, but do affect the re-entrance sites as well as the 
shapes of the clusters. Through the newly obtained results, it was concluded that the 
chain-folding process occurs on the growth front and kinetics leads to different CF 
directions and resultantly leads to different packing structures (α1 and α2). 
Also, we studied the influences of the chemical defects on variety characteristics of ZN 
catalyzed iPP. Catalyst type leads to different defect structures and also significant 
influences the crystallization and melting behaviors. SS-NMR techniques can also be 
applied to study the defect type, catalyst type, and different polymorphs of iPP. These 
detailed analyses in iPP gave a better understanding for the basic principles in polymer 
crystallization. 
Using DQ NMR approach, other effects on chain folding such as the concentration effect, 
chemical defects and confinement effect can also be studied, which will help the 
continuous development of the polymer science. 
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